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Abstract

Open-cell metal foams have been widely used as catalyst supports for gas-phase catalytic
reactions, as they exhibit excellent transport characteristics. Recent advancements in
manufacturing techniques have led to the development of alloyed foams (e.g., NiCrAl,
FeCrAl) with improved thermal stability, and these can be shaped into drop-in pellets
for fixed-bed reactors. The metal foam pellets are regarded as a beneficial alternative to
ceramic catalyst supports, also for the use in tubular fixed-bed reactors for large-scale
processes like steam methane reforming. However, the tortuous cellular structure, intra-
particle and inter-particle flows, combined with local bed structure effects, result in more
complex transport phenomena for fixed-beds made of metal foam pellets, compared
with solid pellets. Therefore, a thorough understanding of the underlying transport
processes is important to find the optimal metal foam pellet shape relevant to a particular
operating condition.

This thesis presents a modified version of the particle-resolved Computational Fluid
Dynamics (PRCFD) approach to investigate the transport processes, particularly flow
and radial heat transport, in slender fixed-bed reactors made of metal foam pellets. The
synthetic bed structure is generated using the Rigid Body Dynamics (RBD) method,
and the transport quantities are fully resolved three-dimensionally in the interstitial
spaces. The flow and heat transport inside the metal foam pellets are modeled, however,
by the porous-media approach with appropriate sub-models. Pilot-scale reactors were
built to conduct pressure drop and heat transfer experiments. The CFD simulations
show very good agreement with experimental data. As a result, a virtual design platform
has been realized for exploring the influence of different shapes and morphologies of
metal foam pellets, as well as operating conditions, such as flow rates, inlet and wall
temperatures, on transport processes in such fixed-bed reactors. To optimize the foam
pellet shape, the overall performance of different pellet configurations is analyzed, based
on the desirable properties of a fixed-bed reactor, such as low pressure drop, high heat
transfer coefficient, increased surface area, and high catalyst inventory.

Furthermore, a thorough analysis of the underlying heat transfer mechanisms is
carried out with the aid of experimental data and simulations. This results in the
development of correlations for critical heat transport parameters such as effective radial
bed conductivity and wall-fluid Nusselt number. Finally, a simplified CFD approach to
model catalytic foam pellets is illustrated, which also considers the external and internal
mass transfer resistances in a washcoated foam pellet.
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Kurzfassung

Offenzellige Metallschäume werden häufig als Katalysatorträger für katalytische
Gasphasenreaktionen verwendet, da sie hervorragende Transporteigenschaften aufweisen.
Aktuelle Fortschritte in den Herstellungstechniken haben zur Entwicklung von legierten
Schäumen (z. B. NiCrAl, FeCrAl) mit verbesserter thermischer Stabilität geführt, die zu
Drop-in Pellets für Festbettreaktoren geformt werden können. Die Metallschaum-Pellets
gelten als vorteilhafte Alternative zu keramischen Katalysatorträgern, auch für den
Einsatz in Festbettrohrreaktoren für großtechnische Prozesse wie die Dampfreformierung
von Methan. Die gewundene Zellstruktur, die Strömungen innerhalb und zwischen den
Partikeln in Verbindung mit den lokalen Effekten der Festbettstrukturen führen jedoch zu
komplexeren Transportphänomenen bei Festbetten aus Metallschaumpellets im Vergleich
zu Feststoffpellets. Daher ist es wichtig, ein grundlegendes Verständnis der zugrunde
liegenden Transportprozesse zu haben, um die optimale Form der Metallschaumpellets
für eine spezifische Betriebsbedingung zu bestimmen.

In dieser Arbeit wird eine modifizierte Version des Partikelaufgelösten numerische
Strömungsmechanik-Ansatzes präsentiert, um die Transportprozesse, insbesondere
die Strömung und den radialen Wärmetransport, in schlanken Festbettreaktoren
aus Metallschaumpellets zu untersuchen. Das synthetische Festbett wird mit der
Rigid Body Dynamics (RBD)-Methode generiert, und die Transportgrößen werden
in den Zwischenräumen vollständig dreidimensional aufgelöst. Die Strömung und der
Wärmetransport im Inneren der Metallschaumpellets werden jedoch durch den Ansatz
über ein poröses Medium unter Berücksichtigung geeigneter Submodelle behandelt. Für
die Durchführung von Experimenten zum Druckverlust und der Wärmeübertragung
wurden Pilotmaßstab-Reaktoren gebaut. Die CFD-Simulationen zeigen eine sehr
gute Übereinstimmung mit den experimentellen Daten. Als Ergebnis wurde eine
virtuelle Designplattform entwickelt, die es ermöglicht, den Einfluss verschiedener
Formen und Morphologien von Metallschaumpellets sowie von Betriebsbedingungen
wie Durchflussraten, Einlass- und Wandtemperaturen auf die Transportprozesse in
solchen Festbettreaktoren zu untersuchen. Zur Optimierung der Metallschaumpellets
wird die Gesamtleistung verschiedener Pelletkonfigurationen auf der Grundlage der
wünschenswerten Eigenschaften eines Festbettreaktors, darunter niedriger Druckverlust,
hoher Wärmeübergangskoeffizient, vergrößerter Oberfläche sowie hohe Katalysatorbe-
ladung, analysiert.

Darüber hinaus erfolgt eine umfassende Analyse der zugrunde liegenden Wärmeüber-
tragungsmechanismen mithilfe von experimentellen Daten und Simulationen. Dies
ermöglicht die Entwicklung von Korrelationen für kritische Wärmetransportparameter
wie die effektive radiale Bettleitfähigkeit und die Wand-Fluid-Nusselt-Zahl. Abschließend
wird ein vereinfachter CFD-Ansatz zur Modellierung katalytischer Schaumpellets
vorgestellt, der auch die externen und internen Stoffübergangswiderstände in einem
beschichteten Schaumpellet berücksichtigt.
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1
General Introduction

1.1 Multitubular fixed-bed reactors
Tubular fixed-bed reactors are widely used and one of the most established reactor types
in chemical processing industries [1]. They are employed for large-scale heterogeneous
catalytic gas-phase reactions, e.g., steam and dry reforming of methane, partial oxidations
and selective hydrogenations [2]. Fixed-bed reactors play a pivotal role in addressing
the pressing needs of the current decade, such as greenhouse gas emissions reduction,
as many processes involving carbon dioxide utilization have been conducted in such
reactors [3].

As illustrated in Figure 1.1 (A), an industrial multitubular reactor comprises of
thousands of parallel tubes (10,000–30,000 tubes for a shell diameter of several meters
[4]) and a heat transfer medium (e.g., water, steam, or oil) circulating around the tube
bundle, either to supply or remove the heat of reaction, i.e., exothermic or endothermic
reactions. The catalyst particles are randomly arranged within the individual tubes to
create fixed-bed structures (see Figure 1.1 (B)). The ceramic particles are commonly used
and they can be in many different shapes, such as spheres, cylinders, rings, multi-hole
cylinders with or without external grooves (see Figure 1.1 (C)); the choice of the particle
shape is dependent on the specific application [5]. As the reacting gases flow through the
bed interstitial spaces and around the particles, they diffuse into the catalyst particles,
undergo chemical reactions at the active catalyst sites, and the products are then diffused
back into the flowing gas. Typically, the diameter of individual tubes D is kept low
(20–80 mm) for providing a high ratio of heat transfer surface area to tube volume, and
thereby ensuring adequate radial heat transfer [6]. Meanwhile, a relatively large size of
catalyst particles dp is used to achieve a lower pressure drop. This leads to the use of
slender fixed-beds with a low tube-to-particle diameter ratio, D/dp ≈ 2 − 10 [7].

However, in such slender fixed-beds, the reactor wall significantly disturbs the
randomness of the particle arrangement, resulting in a variable radial void fraction. It
is characterized by a peak at the wall region, followed by periodic oscillations towards
the bed center [8]. The magnitude of fluctuations with respect to mean bed voidage is
dependent on the particle shape and the D/dp ratio [9]. Figure 1.1 (D) shows the radial
void fraction in a slender fixed-bed (D/dp ≈ 7) made of Raschig rings. As the local bed
structure in slender fixed-beds is very sensitive, the invasive measuring techniques like
thermowell setups could even induce a significant influence on the bed voidage [10]. As
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1. General Introduction

shown in Figure 1.1 (D), the presence of a thermowell causes an additional wall-like
effect near the bed center.

Figure 1.1: (A) Representation of a multitubular fixed-bed reactor; (B) Fixed-bed
structure with Raschig rings; (C) Typical catalyst particle shapes; Local structure
effects in slender fixed-beds – (D) radial void fraction, (E, F) radial velocity and
temperature, respectively (scalar plots of velocity and temperature are from particle-
resolved Computational Fluid Dynamics simulations).

The local bed structure has a significant influence on the transport characteristics
of slender fixed-bed reactors. The variation in radial void fraction causes macroscopic
flow maldistribution with changes in interstitial velocities, see Figure 1.1 (E). The
region near to the wall with a high voidage allows the channeling of fluid, usually
termed as wall-channeling effect [11]. For the particle shapes other than spherical, the
orientation of particles also influences the flow field, mainly for hollow particles like
Raschig rings. Fluid flows through the inner holes, when the holes are aligned parallel to
the flow direction, whereas they obstruct flow when perpendicular, thereby causing fluid
deflection around the particles and local eddies [12], see also the scalar velocity plot in
Figure 1.1 (E). Regarding radial heat transfer, a typical nature of slender fixed-beds is a
sudden jump in temperature adjacent to the wall, indicating a high resistance to heat

2



1.2 Pelletized open-cell metal foams

transfer across the wall [13], see Figure 1.1 (F). Due to high bed voidage near the wall,
particles next to the wall have lesser contact area with the wall, thus hampering the
solid conductivity. This is coupled with the wall-channeling effect, resulting in a high
radial heat transfer resistance [14]. Furthermore, the occurrence of primary heat transfer
mechanisms – conduction, convection, and radiation – is dependent on the processing
conditions, such as flow rates and operating temperature. At low flow rates, conductive
heat transfer is dominant, while convective heat transport aided by the lateral fluid
mixing is prominent at higher flow rates [15]. At commercial scale, the reactors are
usually operated at high temperature; hence, thermal radiation effects could also be
significant [16]. Since catalytic reactions are strongly influenced by bed temperature,
efficient radial heat transfer is an important design criterion for fixed-bed reactors. In
exothermic reactions, for instance, if proper cooling is not provided, the bed temperature
will increase rapidly along the reactor length, causing damage to catalyst supports and
reactor apparatus, as well as initiating undesired parallel reactions [17]. Summing up,
the transport phenomena, mainly the radial heat transfer, in slender fixed-bed reactors
are rather complex [18].

The ways to improve radial heat transport in slender fixed-bed reactors have
always been a topic of interest, see e.g. the review article [19], in which different
methods, including modification in particle shapes, use of near wall structures as reactor
internals, novel reactor concepts, such as packed foams, periodic open-cell structures,
and alternative energy inputs, to enhance the radial heat transfer, have been discussed.
In fact, a proper method to intensify the heat transfer and for retrofitting the tubular
reactors operated on a commercial scale remains unrevealed.

1.2 Pelletized open-cell metal foams
Open-cell metallic foams are cellular materials with interconnected pores. They are
characterized by high porosity (75–95%), high surface area, high thermal conductivity,
and high mechanical strength. Due to these superior properties, metal foams have been
adopted in a variety of applications [20–24]. The use of metal foam monoliths as catalyst
support for gas-phase catalytic reactions has gained increased popularity in the past
few decades, as they provide efficient heat and mass transfer characteristics, as well
as a lower pressure drop compared with conventional packed beds [25, 26]. In order to
extend the application of metal foams for medium-high temperature catalytic processes
(e.g., for steam methane reforming ∼1000 °C), a unique powder metallurgical process
has been developed in recent years to produce alloyed foams (e.g., NiCrAl, FeCrAl)
having high thermal stability [27]. Figure 1.2 (A) illustrates the manufacturing process
of the alloyed foams. In the first step, the desired base metal foam sheet is coated with a
binder solution and an alloy powder. The coated sheets are then heat treated including
de-bindering and sintering, which allows the alloy powder to diffuse into the foam
struts and ensuring a homogeneous alloy composition throughout the foam structure.
Moreover, this technology enables the production of metallic foams with different alloy
compositions, strut shapes, pore sizes, and porosities, so that the required properties can
be tailored to the targeted processing conditions. The foam substrates are chemically
activated by applying washcoat layers, where the catalyst is dispersed. The alloyed foams
have high surface roughness (see Figure 1.2 (A)), thereby ensuring a good adhesion of
catalytic coatings to strut surfaces [28].

3



1. General Introduction

Figure 1.2: (A) Manufacturing process of alloyed foams [partly reprinted from [29], with
permission from Elsevier]; (B) Laser roll bonding process to make (C) thickened foam
sheets [provided by Alantum Europe Gmbh, Germany]; (D) Shaped foam pellets.

4



1.3 Scope of the thesis

Meanwhile, a patented manufacturing technique has also been realized to shape the
foam sheets into drop-in pellets, also for the use in tubular reforming reactors [30, 31].
This method includes a laser roll bonding process to stack the foam sheets for achieving
the required dimensions of a pellet shape. Figure 1.2 (B) illustrates the laser roll bonding
process. The foam layers that are to be joined are brought in contact at an angle and are
continuously sintered together by applying a laser beam at the local contact area. By
using this sophisticated approach, the material volume loss can be reduced relative to
other conventional compression methods. Figure 1.2 (C) depicts a thickened foam block
consisting of four layers of foam sheets. Foam pellets of desired shapes such as cylinders,
cuboids, hexagonal, and rings can be made out of the thickened foam sheets. In addition
to different sizes and shapes, the foam morphologies can also be altered, mainly the
cell size and porosity, see Figure 1.2 (D). The use of open-cell metallic foam pellets is
considered as the ideal solution to meet the requirements of a fixed-bed reactor, such as
reduced pressure drop, improved heat transfer, high catalyst activity, and mechanical
stability. Due to the contrasting nature of these design requirements, it is difficult to
satisfy them completely with the currently available ceramic pellets. Moreover, the metal
foam pellets can be retrofitted to the existing reactor setup with little modifications, and
the same catalyst-loading device for the solid pellets can be used to load them into and
out of lengthy (> 8 m) tubes. Unlike ceramic pellets, foam pellets are less likely to break
during loading due to their high stiffness, thus avoiding the undesirable consequences
of pellet breakage such as increase in pressure drop, maldistribution of fluid flow, and
temperature hot spots [32, 33].

The flow and heat transfer characteristics of metallic foams as structured catalysts
have been discussed extensively in literature [34–40]. It is worthwhile to highlight
that the pelletized metal foams are the latest in the category of catalyst supports for
fixed-bed reactors, and therefore much information on the transport characteristics in
such a randomly fixed-bed setup is not available. From my understanding, the only
experimental study previously published is by Kolaczkowski et al. (2016) [41]. The
authors have investigated the pressure drop and thermal performance in a slender
packed bed (tube diameter: 74 mm) made of cubical metal foam pellets (10 mm, 1200
µm cell size). Compared with 1-hole ceramic solid pellets, a significant reduction in
pressure drop was observed, as the highly porous foam pellets allow a greater amount of
internal flow through them, which was quantified up to 38% of the total mass flow. The
thermal performance was also evaluated by monitoring the outlet bed temperature and
found as comparable with solid pellets upon the examined operating conditions (flow
rate ≈ 0.008 kg/s, gas inlet temperature ≈ 500 °C, tube wall temperature ≈ 650 − 950
°C). The authors also highlighted the importance of further explorations on different
pellet shapes and morphological parameters to enhance the thermal performance of
foam pellets at different operating conditions – flow rates and temperature.

1.3 Scope of the thesis
Even though metal foam pellets have proven to be beneficial, comprehensive studies
regarding transport characteristics in a randomly fixed-bed setup have not been
conducted. This prompts several questions from a manufacturing perspective – (1)
What is the best shape of a foam pellet for a fixed-bed reactor? (2) Which morphological
parameters (cell size and porosity) should be used? – while also considering the targeted
processing conditions. The search for answers based solely on experimentation is time-
consuming, costly, and requires much preparation.

5



1. General Introduction

Figure 1.3: Design platform for the optimization of foam pellets.

The objective of this thesis is to develop a Computational Fluid Dynamics (CFD)-
based modeling platform to investigate the transport processes, particularly flow and
radial heat transfer, in fixed-bed reactors composed of metal foam pellets, consequently
finding the optimal pellet shape that yields lower pressure drop and better radial heat
transport. The simulation platform is supported by the selected experiments conducted
for benchmark cases. By this combined and knowledge-based design approach, the
development time of the new pellet shapes can be reduced. Within the CFD framework,
particle-resolved CFD (PRCFD) is widely used to simulate transport processes in slender
fixed-beds [42–44]. This approach accounts for the actual bed structure, and is therefore
capable of considering the effects of local bed structure as well as the pellet shape on
transport phenomena. It is computationally challenging, however, to resolve the cellular
structure of individual foam pellets, making PRCFD almost impossible to implement
in its true sense for large packed bed simulations composed of thousands of foam
pellets. To tackle this, a modified version of PRCFD has been developed, which relies
on a pseudo-homogenous porous-medium approach to define the transport processes
occurring inside the foam pellets. The transport quantities along the interstitial spaces
are, however, fully resolved three-dimensional, while flow and energy transport inside
foam pellets are considered by the appropriate sub-models. Instead of conventional
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1.3 Scope of the thesis

Discrete Element Method (DEM), the Rigid Body Dynamics approach is adopted to
generate randomly packed bed structures. For the validation of the CFD model, suitable
experimental reactors were built to measure the pressure drop and local bed temperature.
As illustrated in Figure 1.3, a virtual reactor setup has been realized, which is capable
of predicting the influence of pellet shapes, foam morphologies, and operating conditions
on transport characteristics of fixed-beds made of foam pellets. This setup is used to
explore the optimum pellet shape, and it is further verified by additional experiments.
By this way, the number of experiments can be limited, and the process of pellet design
can be accelerated. Furthermore, with the aid of experimental data and simulations,
deep insights into the fundamental aspects of heat transport mechanisms occurring in
such slender fixed-beds are carried out, which leads to the development of correlations
for the critical heat transport parameters, such as wall-fluid Nusselt number and the
effective radial bed conductivity.

The findings of this thesis are presented in Chapter 3 to Chapter 7; among them,
Chapters 3-6 are peer-reviewed and already published results, and Chapter 7 contains
unpublished results.

Chapter 3 presents a detailed CFD workflow and an experimental setup to study the
flow characteristics in fixed-beds randomly packed with metal foam pellets. Pressure drop
measurements are conducted for the bed structures made of benchmark pellets – ceramic
Raschig rings and cylindrical metal foams. It has been shown that the simulation results
are in good agreement with experimental data, thereby demonstrating the feasibility of
the developed CFD model to investigate the hydrodynamics of slender fixed-beds made
of metal foam pellets.

Chapter 4 is an extension to Chapter 3 by including the heat transfer modeling
approach. A steel tube reactor with a wall-cooling setup is built to measure the axial bed
temperature profiles for different flow rates and inlet temperatures. The axial temperature
predicted by CFD simulations show good agreement with experimental data. Suitable
correlations to predict the heat transport parameters such as wall-fluid Nusselt number
and the effective radial bed conductivity in a fixed-bed made of cylindrical foam pellets
have also been derived.

Chapter 5 provides parametric analyses to investigate the influence of foam
morphologies (cell size and porosity) and intrinsic solid conductivity on flow and heat
transport characteristics in a slender fixed-bed made of cylindrical foam pellets. For this
purpose, the validated CFD model presented in Chapters 3 and 4 is used, but simplified
to a wall-segment PRCFD method for further reducing the simulation time. A design
study to find the optimum foam morphology is conducted for the operating conditions
relevant to Steam Methane Reforming (SMR).

Chapter 6 describes the optimization of foam pellet shape using the virtual design
CFD-based platform developed in Chapters 3 and 4, and the lessons learned in Chapter
5 are used to select appropriate foam morphologies. To confirm the performance of
the optimized shape (i.e., foam rings), additional experiments are conducted and are
presented in this chapter.

Chapter 7 illustrates a simplified CFD approach to model mass transport including
chemical surface reactions in open-cell foam pellets. The source terms in the species
conservation equations are adapted to account for the external and internal mass transfer
resistances occurring in the fluid-washcoat interface and within the washcoat layer,
respectively. The preliminary results from this model are compared with experimental
data from literature. This validation is only intended to demonstrate the functionality
of the proposed model highlighting future applications for catalytic fixed-bed reactors.
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As part of this thesis, the following research articles have been published in peer-reviewed
scientific journals.

1. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Torkuhl L,
Lindermeir A, Wehinger GD. Workflow for computational fluid dynamics modeling
of fixed-bed reactors packed with metal foam pellets: Hydrodynamics. AIChE J.
2023;69(1):e17284. DOI: 10.1002/aic.17284
The AIChE Journal is an official publication of the American Institute of Chemical
Engineers. The journal impact factor is 4.167 (2022).
Own contribution: conceptualization and study design 75%, formal analysis and
investigation 85%, interpretation of results 90%, manuscript writing 90%.
The study was designed by GRG and GDW. MB and AL conducted experiments.
The data was analyzed by GRG, MB, AL and GDW. CFD simulations, validation,
and interpretation of results were done by GRG and GDW. All authors contributed
to the discussion of results. LS, DB, AG, and LT provided the required resources
and project management. Funding acquisition by GDW and DB. The study was
supervised by GDW. Figures and tables were created by GRG. The first draft of
the manuscript was written by GRG. Revision and re-writing of the manuscript
was done by GRG, DB, AL and GDW. This publication is reprinted in Chapter 3
and presents a CFD workflow to investigate flow characteristics in fixed-beds made
of foam pellets. The experimental results and the validation of CFD model are
also described. This publication fulfills one of the objectives of this thesis, which
is to develop a reliable CFD model to investigate the hydrodynamics of fixed-beds
made of metal foam pellets.

2. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Radial heat transport in a fixed-bed reactor made of metallic foam
pellets: Experiment and particle-resolved computational fluid dynamics. Int. J.
Heat Mass Transf. 2022;197:123376. DOI: 10.1016/j.ijheatmasstransfer.2022.123376
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The International Journal of Heat and Mass Transfer is a leading journal that
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application to engineering problems. The journal impact factor is 5.431 (2022).
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managed the project. Funding acquisition by GDW and DB. The study was
supervised by GDW. Figures and tables were created by GRG and MB. GRG
wrote the first draft of the manuscript. Revision and re-writing of the manuscript
was done by GRG, AL and GDW. This publication is reprinted in Chapter 4
and contains CFD simulations including heat transfer experiments to study the
radial heat trannsport in fixed-beds made of foam pellets. Suitable correlations to
estimate the critical heat transport parameters are also derived. By this publication,
an important goal of this thesis, i.e., development of a CFD-based tool to analyze
thermal performance of fixed-beds with metal foam pellets, has been achieved.

3. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Influence of Foam Morphology on Flow and Heat Transport in a
Random Packed Bed with Metallic Foam Pellets-An Investigation Using CFD.
Materials. 2022;15(11):3754. DOI: 10.3390/ma15113754
Materials is a peer-reviewed, open access journal published by MDPI. The journal
impact factor is 3.748 (2023).
Own contribution: conceptualization and study design 90%, formal analysis and
investigation 90%, discussion of results 95%, manuscript writing 95%.
GRG and GDW conceptualized the idea. CFD simulations, validation, and
interpretation of results were done by GRG. MB and AL supported the analysis.
All authors contributed to the discussion of results. LS, DB, and AG managed
the project. Funding acquisition by GDW and DB. The study was supervised by
GDW. Figures and tables were created by GRG. The first draft of the manuscript
wrote by GRG. Revision and re-writing of the manuscript was done by GRG, AL
and GDW. This publication is reprinted in Chapter 5, in which a parametric study,
using validated CFD model, to understand the influence of foam morphologies on
flow and heat transfer characteristics of fixed-bed reactors made of metal foam
pellets is presented. A design study is also elaborated to find the optimum cell
size and porosity of a cylindrical foam pellet. This publication contributes to the
main goal of this thesis, which is to find the optimal pellet configuration.

4. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Optimization of metal foam pellet shape in packed beds for improved
radial heat transfer using particle-resolved computational fluid dynamics. Chem.
Eng. Process.: Process Intensif. 2023;188:109357. DOI: 10.1016/j.cep.2023.109357
The Chemical Engineering and Processing: Process Intensification journal is a
leading publication, which covers articles pertaining to process intensification in
the chemical process industry. The journal impact factor is 4.264 (2022).
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Own contribution: conceptualization and study design 85%, formal analysis and
investigation 90%, discussion of results 95%, manuscript writing 90%.
The study was designed by GRG and GDW. MB and AL conducted experiments.
The data was analyzed by GRG, MB, and GDW. CFD simulations, validation, and
interpretation of results were done by GRG and GDW. All authors contributed
to the discussion of results. LS, DB, and AG provided the required resources
and managed the project. Funding acquisition by GDW and DB. The study was
supervised by GDW. Figures and tables were created by GRG and GDW. GRG
wrote the first draft of the manuscript. Revision and re-writing of the manuscript
was done by GRG, AL and GDW. This publication is reprinted in Chapter 6 and
presents the optimization of foam pellet shape using virtual design platform based
on the validated CFD model. It also reports the additional experiments conducted
to confirm the performance of the optimized pellet shape. By this publication, the
ultimate goal of determining the optimal pellet shape has been achieved.
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3
Workflow for Computational Fluid

Dynamics modeling of fixed-bed
reactors packed with metal foam

pellets: Hydrodynamics

Abstract
In recent years, the catalyst pellets made of open-cell metallic foams have been identified
as a promising alternative in fixed-bed reactors. A reliable modeling tool is necessary to
investigate the suitability of different foam properties and the shapes of foam pellets.
In this article, a workflow for a detailed Computational Fluid Dynamics (CFD) model
is presented, which aims to study the flow characteristics in the slender packed beds
made of metal foam pellets. The CFD model accounts for the actual random packing
structure and the fluid flow throughout the interstitial regions is fully resolved, whereas
flow through the porous foam pellets is represented by the closure equations for the
porous media model. The bed structure is generated using Rigid Body Dynamics (RBD)
and the influence of the catalyst loading method is also considered. The mean bed
voidage and the pressure drop predicted by the simulations show good agreement with
the experimental data.

3.1 Introduction
An open-cell metal foam is a solid cellular structure with a network of inter-connected
pores; characterized by high porosity, high specific surface area and global thermal
conductivity, it is felicitous for a wide range of applications [1]. In recent decades,
the suitability of metallic foams as catalyst supports has been investigated by many
researchers in terms of pressure drop, heat and mass transfer characteristics, as well as
chemical reactions [2, 3].

This chapter is reprint of publication: George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle
A, Torkuhl L, Lindermeir A, Wehinger GD. Workflow for computational fluid dynamics modeling of
fixed-bed reactors packed with metal foam pellets: Hydrodynamics. AIChE J. 2023;69(1):e17284.
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3. Workflow for Computational Fluid Dynamics modeling of fixed-bed reactors
packed with metal foam pellets: Hydrodynamics

Meanwhile, the advancement in manufacturing technology has induced the production
of pure metallic foams (e.g. Ni, Fe, and Cu) and the alloy compositions (e.g. NiFeCrAl,
NiCrAl, Inconel 625, and FeCrAl) in an economical way as well as being tailored
for specific applications [4, 5]. Moreover, the foam sheets can be shaped as drop-in-
pellets type for the application in fixed-bed reactors. Figure 3.1 depicts a few shapes of
metal foam pellet realized by Alantum Europe GmbH, Germany, in using a patented
manufacturing process [6]. This design flexibility allows the customization of metal foam
pellets to meet the requirements of many industrial processes, where the conventional
ceramic pellets have failed to satisfy the entire process demands. Dixon [7] has identified
that the major requirements in large-volume applications like methane steam reforming
are of incompatible nature. To feed methane at higher flow rates upon maintaining lower
pressure drop prompts the use of large particles, whereas smaller-sized particles are
beneficial from reaction perspective, as they provide higher surface area per unit volume
of the bed. Furthermore, special attention is needed in the design of fixed-bed reactors
to ensure an adequate transport of energy from the reactor wall to the center core of
the bed or vice versa. Hence, a low tube-to-particle diameter ratio, N = D/dp < 10 , is
the preferred choice for the processes which require heating or cooling of the reactor
[8]. Walther et al. [9] have pointed out that the radial heat transfer performance of a
fixed-bed reactor can be enhanced by the use of suitable alloyed metal foam pellets,
which also ensure lower pressure drop. Thus, the adoption of metal foam pellets in
fixed-bed reactor is a process intensification approach, since the reactor efficiency is
improved and the operation cost can be reduced.

Figure 3.1: Metal foam pellets manufactured by Alantum Europe GmbH, Germany.

However, the tortuous inner structure of metallic foam pellets added with considerable
internal flow causes a complex flow field compared to conventional non-porous pellets. A
thorough understanding of the fluid dynamics of the packing structure composed of metal
foam pellets is very important to harness its potential. Indeed, detailed studies pertaining
to flow characteristics are scarce. Kolaczkowski et al. [10] carried out experiments to
measure the pressure drop in a slender-tube fixed-bed reactor made of slab-shaped
and cubic metal foam pellets. A significant reduction in pressure drop was observed
in comparison to solid counterparts. They also devised a method to determine the
proportion of fluid that flows through the pellets, which was quantified up to 38%. This
flow distribution is dependent on the arrangement of foam pellets in the reactor column,
pellet size or shape, and the foam morphological parameters, mainly cell size and porosity.
Since experimental studies of this kind are time consuming, reliable modeling tools
which provide design and optimization space are necessary to support the development
of the suitable foam pellet shapes. The particle-resolved CFD approach, which accounts
for the actual bed geometry, has been proved as relevant to study the fixed-bed reactors
with low N -value [11]. At N < 10, the influence of the local bed structure is crucial for
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3.1 Introduction

the local transport phenomena, which can be well predicted with this detailed modeling
approach—see the review articles of Dixon and Partopour [12], and Jurtz et al. [13].
One of the major challenges in the particle-resolved CFD approach is to generate a
representative fixed-bed structure. The methods generally employed to create packing
geometry are tomography scans [14] and by computational methods [15–19], in which
Discrete Element Method (DEM) [20, 21] and the Rigid Body Dynamics (RBD) [22, 23]
method in the framework of the animation software Blender [24, 25] are frequently
used. Recently, Flaischlen and Wehinger [26] have carried out a critical evaluation on
synthetic bed generation between DEM method in the commercial software STAR-
CCM+ and the RBD approach in Blender. They reported that both methods predict
the bed voidage accurately, whereas a more precise prediction of particle orientation
in the synthetic beds made of cylinders and hollow cylinders was observed in Blender
simulation than in STAR-CCM+, and the latter uses glued-sphere [27, 28] method to
model non-spherical particles. In accordance with the previous works, it is confirmed
that open-source software Blender integrated with Bullet physics library [29] is robust
to create synthetic fixed-bed structures for the use in particle-resolved CFD approach.

On the other hand, the high porous nature of the foam materials poses additional
challenges in the CFD modeling of the fixed-bed composed of metal foam pellets. It
comprises a problem of bi-disperse porous media [30], where the fluid has two flow paths:
through and around the porous particles. Pore-scale CFD simulations have been used
by many researchers to study the detailed flow characteristics inside the open-cell foam
structures, in which the pore-scale geometry is created by either imaging techniques or
using idealized foam patterns like kelvin cell, Weaire-Phelan, or random structure[31–
35]. However, this type of detailed CFD simulation is not practically feasible in the
packing structures composed of thousands of foam pellets. To address these kind of
problems, multiscale modeling approaches need to be adopted. Recently, Wehinger et al.
[36] have presented a CFD approach, in which the established particle-resolved CFD
model is integrated with pseudo-homogeneous porous medium model to account for
the transport phenomena inside the foam pellets. The authors used DEM approach to
generate the fixed-bed structure. The pressure drop CFD simulations were compared
with the experimental data provided by Kolaczkowski et al. [10] and good agreement
for medium flow conditions was reported. Along with this, an illustrative heat transfer
study highlighted the potential of metal foam pellets in the fixed-bed reactors.

In this work, a workflow for an adapted particle-resolved CFD approach is presented
to study the flow characteristics in the fixed-bed made of metal foam pellets and validate
it against the experimental data of bed voidage and pressure drop. The proposed CFD
workflow is similar to Wehinger et al. [36]; instead of DEM, RBD approach generates the
different fixed-bed structures. The inclusion of RBD approach provides more flexibility
to model the packing structures with any arbitrary catalyst particle shapes and even
allows to mimic the catalyst loading strategies akin to commercial settings, with low
computational efforts. The CFD model is validated against experimental void fraction and
pressure drop data for the ceramic Raschig rings and the cylindrical metal foam pellets.
It should be noted that the inner structures of the foam pellets are not resolved, whereas
flow through the pellets is considered by appropriate closure equations corresponding
to porous media approach. The bed geometry was created using open-source software
Blender and the CFD simulations were carried out with Simcenter STAR-CCM+ from
Siemens Industry Software Inc. Figure 3.2 illustrates the proposed CFD workflow. The
main objective of this contribution is to develop an adequate CFD model to assist the
design of optimal shape of metal foam pellet.
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Figure 3.2: Illustration of the CFD workflow.

3.2 Materials and methods

3.2.1 Pellet Characteristics
Two types of catalyst carriers were considered in this study: ceramic Raschig rings and
cylindrical metal foam pellets made of NiCrAl alloy (71% Ni, 19% Cr, and 10% Al). Figure
3.3 illustrates the pellet samples and the definition of important foam morphological
parameters. The ceramic Raschig rings were supplied by Vereinigte Füllkörper-Fabriken
GmbH & Co. KG, Germany, and the metal foam pellets by Alantum Europe GmbH,
Germany.

Figure 3.3: (a) Raschig ring, (b) Cylindrical metal foam pellet, and (c) Foam parameters.

The characteristic length scale preferred to study the transport phenomena in a
fixed-bed reactor is the particle diameter, dp. In order to compare geometrically different
particles, the usual approach is to define equivalent particle diameter in terms of a
sphere of equivalent specific surface area, dp,e = (6Vp/Ap). Here, Vp and Ap are the volume
and surface area of a particle. Accordingly, the particle Reynolds number is given by
Equation (3.1), where vs is the superficial velocity and µ is the dynamic viscosity of the
fluid medium.

Rep =
ρvsdp,e

µ
(3.1)

Based on the concept of the hydraulic radius, the Reynolds number complement to
the bed structure is dependent on the mean bed voidage, ε̄b , and is related to particle
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Reynolds number as in Equation (3.2), which is generally termed as the modified
Reynolds number or the bed Reynolds number [37, 38].

Re∗p =
Rep

1 − ε̄b
(3.2)

Table 3.1 provides the characteristic dimensions of the pellet samples and the
important foam properties. It should be noted that, to define dp,e of the metal foam
pellets, only the apparent particle volume and the outer surface area are used, neglecting
the particle porosity, ε. Also, the porosity of the foam pellets mentioned in Table 3.1
does not take into account the micro-voids on the strut surfaces, as they are hardly
accessible to fluid flow [39]. The pellet samples are not wash-coated, as the present study
focuses only on flow behavior under cold flow and non-reactive conditions. Furthermore,
wash-coating processes of metal foam pellets might increase the strut thickness, which
in turn reduces the overall particle porosity and influences the hydrodynamic quantities
as well [10]

Table 3.1: Characteristic dimensions and foam properties

Pellet types dp dp,e (mm) N = D/dp Cell size (ϕ) (µm) Porosity (ε)
Raschig ring 10 5 6.78 - -
Metal foam 10 10.6 6.78 1200 0.87

3.2.2 Experimental setup
A suitable experimental setup for pressure drop measurements was realized and is
schematically depicted in Figure 3.4. The PVC reactor tube has an inner diameter
of 67.8 mm and a total height of 2500 mm, comprising two equal segments of 1250
mm. Additionally, a solid steel pipe of diameter 3.5 mm was placed vertically along
the center core of the reactor tube to mimic a thermowell, which will be used in the
future heat transfer experiments. This PVC reactor is an exact replica of a real metallic
reactor proposed for further heat transfer studies. Onto the top of the reactor tube, a
flow equalizer was installed to minimize the flow entry-effects and ensured a uniform or
plug-flow-like inlet velocity approaching the top of the bed. The reactor column was
filled with pellet samples with the aid of a commercial catalyst loading device (see
Supporting Information) up to a maximum height of 2000 mm.

Nitrogen gas was fed at the top of the reactor column and was allowed to flow
downwards through the bed. The volumetric flow rate was controlled by a mass flow
controller (F-203AV-1M0-RBD-44-V), which has an operating range of 0–45 Nm3/h
(Normal conditions: 0°C and 101,325 Pa) and was provided by Bronkhorst Deutschland
Nord GmbH, Germany. The flow meter was calibrated on the basis of experiment
conditions and the rated accuracy was ± (0.8% Rd + 0.2% FS). The head pressure and
the temperature of the feed gas were monitored by a pressure transducer (PT/head—TM-
PCE28 0–250 kPa) and a thermocouple (TR—type K), respectively, from Techmark
GmbH, Germany, with an accuracy of 0.2% FS. The fluid pressure along the bed was
measured by installing pressure taps at five different axial locations, 400 mm apart
(PT/B1, PT/B2, PT/B3, PT/B4, and PT/B5). The pressure measured at each axial
location was the average of the instantaneous recordings from three pressure taps that
were aligned circumferentially at an angle of 120° apart (see Figure 3.4). To quantify
pressure drop in the bed segments, the corresponding pressure taps at axial locations
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Figure 3.4: Experimental setup with measurement locations.

were connected across the differential pressure transducers (DP/1, DP/2, DP/3, and
DP/4—Series 616D 0-20 in w.c). Subsequently, the pressure drop over four bed segments,
each of 400 mm length, was recorded. The differential pressure transducers were provided
by Dwyer Instruments, Inc., United States, and the rated accuracy was ± 0.25% FS
at 25°C. Nitrogen was discharged through the outlet at the very bottom of the reactor
column and the outlet pressure was monitored by a pressure transducer (PT/Outlet).
Additionally, a differential transducer (DP—TM-AS-dP/0–100 kPa) from Techmark
GmbH, Germany, with an accuracy of 0.4% FS was used to monitor the pressure drop
across the whole reactor, i.e., from inlet to the outlet.

The experiments were conducted at atmospheric pressure and the ambient tempera-
ture of about 20°C. The pressure drop data was collected for different mass flow rates in
the range of 6.2–56.3 kg/h and the corresponding superficial velocities were between 0.43
and 3.2 m/s, which were calculated based on the ideal gas law connecting temperature
and density. The measurements were carried out multiple times at a particular flow rate
to ensure repeatability. The behavior of the observed data was also verified in loading
and unloading the reactor for several times by keeping the same flow parameters. The
use of the loading device ensured a high reproducibility of the pressure drop across the
bed (see details in the results section).

A unique loading procedure developed by Unidense Technology GmbH, Germany,
was adopted to load the pellets, Raschig rings and foam pellets, in the reactor. This
innovative loading device is composed of specially designed springs on a thin flexible
loading rope, which ensure controlled loading and the random orientation of pellets in
the bed [40]. This loading device poses several advantages, such as minimum breakage of
pellets, least bridging between the pellets, and uniform loading. In industrial applications
like methane reforming, the use of catalyst loading device ensures little variation in
pressure drop among the multiple reformer tubes. Additionally, the arrangement of
pellets without strong local voids and bridging minimizes the occurrence of temperature
hot spots, which in turn favors the catalyst life time—see Supporting Information for
more details
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3.2.3 Synthetic bed generation
In this study, the bed structure was simulated with a rigid body model incorporated in
the Bullet physics library [29], which is integrated in the animation software Blender. A
detailed description in using Blender for the realization of packing structures has already
been addressed [24–26]. As a starting point, the pellet geometry and the reactor tube
were created by the triangular surface meshes. Next, the particles were positioned at the
top of the container and allowed to fall freely into the reactor tube. The simulation was
proceeded by the physics engine upon resolving the gravity and the interaction forces in
discrete time steps. Particle-particle and particle-wall collisions were resolved with the
appropriate values of friction and restitution coefficients. Table 3.2 provides the rigid
body parameters used in this study. The simulations were carried out for a total time of
42 s, where a stable solution of all the balancing forces was attained and consequently,
the fixed-bed structure generated—see Supporting Information for more details. Finally,
this bed structure was exported as an STL file and imported into the CAE software
STAR-CCM+ for the CFD simulations.

Table 3.2: RBD parameters used in Blender

Restitution factor 0.7
Friction factor 0.0001 to 1

Collision shapes Convex hull, mesh
Computational time step (s) 0.001

Animation frames 1000 − 1500

The choice of filling strategy and the selection of appropriate rigid body simulation
parameters such as the friction coefficient and the restitution factor are debatable.
Recently, Jurtz et al. [41] have carried out DEM simulations to generate fixed-beds
with a unique catalyst filling strategy. Their study revealed that the mean bed voidage
should match between the experimental and the numerical packing, as it is the critical
parameter in defining the flow characteristics of a fixed-bed. It was also suggested that
the static friction coefficient can be used as an adjusting parameter to merge the effects
of loading device, artificial tamping, and the particle surface characteristics. In this
way, a filling strategy with less computational effort can be adopted in synthetic bed
generation with an adjusted static friction coefficient.

In this study, three filling strategies to generate synthetic beds were compared. A
parametric study on friction coefficient was also carried out on each filling strategy.
The final selection of the filling strategy and the friction coefficient was carried out by
comparing the mean bed voidage of the synthetic bed to experimental bed and the
required computational time. The details are elaborated in Section 3.3.2.

3.2.4 CFD
The flow conditions pertinent to single phase and turbulent flow were simulated by
solving Reynolds-Averaged mass and momentum equations for a 3-D domain. The
governing equations are presented in the Supporting Information. Realizable k − ϵ
epsilon turbulence model [42], which computes turbulent viscosity in terms of turbulent
kinetic energy and the eddy dissipation rate, was used in this study. The adequacy of
the realizable model in the simulation of fixed-bed reactors has been verified by many
authors [13].
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3.2.4.1 Modeling flow-through foam pellets

It is computationally challenging to fully resolve the flow field in the inner structures of
the foam pellets for an entire bed. Hence, a porous media model was adopted to mimic
flow though the pellets and the corresponding pressure loss. When the flow enters a
porous medium, the physical velocity increases due to the reduction in the area available
for the flow. The velocity rise is dependent on porosity, ε, which is defined as the ratio
of volume available for the fluid flow Vf ree to total volume V , ε = (Vf ree/V ). As a result,
the physical velocity, in a porous medium is related to the superficial velocity as vs = εv,
which disregards the skeleton of the porous medium and assumes that only the fluid
passes through the given cross-sectional area.

The mass and momentum conservation equations in a porous medium based on
physical velocity can be formulated as:

∂(ερ)
∂t
+ ∇ · (ερv) = 0 (3.3)

∂(ερ)
∂t
+ ∇ · (ερvv) = −ε∇p + ∇ · (εT) − εPvv − εPi |v|v (3.4)

where Pv and Pi are viscous and inertial resistance tensors, respectively. For flow
through homogeneous porous media and at very low fluid velocity, the pressure drop
is balanced by the viscous shear stress and is linearly proportional to vs . When the
fluid velocity increases, the inertial force starts to contribute and the pressure drop is
proportional to v2

s . The most widely accepted correlation for predicting the specific
pressure drop in an isotropic granular media was suggested by Ergun [43] as:

∇p
L
= A

(1 − ε)2µ
ε3d2

p,e

vs + B
(1 − ε)ρ
ε3dp,e

v2
s (3.5)

where A is Kozeny-Karman constant and B is Burke-Plummer constant, which should
be determined experimentally. For the packed beds, Ergun suggested A =150 and B =
1.75. It is clear that the resistance tensors Pv and Pi in Equation (3.4) can easily be
equated to Equation (3.5). On the basis of Ergun-like approach, many authors have
proposed pressure drop correlations for the open-cell foam [44]. The major difficulty
in its formulation is to re-define the equivalent particle diameter in terms of the foam
morphological parameters such as the strut diameter, ds and the cell size, ϕ. A simplistic
geometric model, in which a direct analogy between the foam structure and a bed of
spherical particles, formulated based on a cubic cell, was proposed by Lacroix et al. [39]
In this cubic cell model, the foam structure is represented by solid cylindrical filaments
connected in 3-D as a regular cubic lattice, where the edges symbolize the foam struts.
As a result, a relation between strut diameter and particle diameter was developed by
equating the specific surface area of the cubic cell to specific surface area of bed of
spherical particles as given by Equation (3.6). The strut diameter is calculated from
the cubic cell model based on the porosity, ε and pore diameter a as shown in Equation
(3.7) and Equation (3.8), where the pore diameter,a , is approximated based on the cell
size, ϕ.

dp,e =
6
4ds (3.6)

ds =
a
[ ( 4

3π
)
(1 − ε)

] 1
2

1 − a
[ ( 4

3π
)
(1 − ε)

] 1
2

(3.7)
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a =
ϕ

2.3 (3.8)

Transferring Equations (3.6)–(3.8) to Equation (3.5) provide Lacroix correlation, which
was applied in this study at each pellet level to account for the corresponding pressure
loss of the fluid passing through the open-cell foam pellets. An experimental study was
carried out to measure the pressure drop in a single metal foam pellet. The pressure
drop predicted by the Lacroix correlation is compared with the experimental data, and
an excellent agreement has been found—see Supporting Information.

3.2.4.2 Meshing and solution methodology

In order to spatially discretize the computational domain, the meshing process was
carried out using the commercial software STAR-CCM+. Polyhedral cells were used in
the bulk region and three prism layer cells were considered at the wall of the pellets and
the reactor tube. The meshing process in a packed bed is inherently complex due to
the presence of high number of particle-particle and particle-wall contacts, which may
lead to local bad cell qualities. To overcome this issue, a meshing procedure by the local
cap method was proposed by Eppinger et al. [45] for the spherical particles and it was
extended by Wehinger et al. [46] for non-spherical particles. The same meshing strategy
was followed in this study, which creates a very thin layer of gas phase cells between
very close contacts. The final cell count was ∼11 million and 16 million for the case of
Raschig ring bed and the metal foam bed, respectively, which has proved sufficient for
grid independency in the previous works of similar type [47]. The meshing details and
an overview of the boundary conditions are provided in the Supporting Information.

In line with the experimental studies, Nitrogen gas was considered as the working fluid.
At the inlet, flat velocity profile was assigned with the velocity magnitudes corresponding
to the experiment data. No-slip boundary condition was assigned for the reactor wall
and the pellet surfaces. The operating pressure and temperature were 101,325 Pa and
298 K, respectively. STAR-CCM+ was used to perform all the CFD simulations, which
employs finite-volume method to solve the conservation equations. The closure equations
explained in Section 3.2.4.1 were implemented using field functions in STAR-CCM+.
A steady state simulation was carried out using a segregated flow solver, in which
pressure-velocity coupling is based on the SIMPLE algorithm. The convergence was
monitored on such solution variables as velocity magnitude and pressure on different
positions in the solution domain. In most of the studied cases, convergence criteria were
achieved by about 2000 iterations.

3.3 Results and discussion

3.3.1 Experimental pressure drop
The fluid dynamic characteristics of the Raschig ring and metal foam beds are analyzed
by taking the experimental data as the basis. Figures 3.5a and 3.5b show the pressure
drop measured along each bed segments for the Raschig ring and the metal foam beds,
respectively. It should be noted that the measurements were carried out for repeated
trials and a high repeatability of < 1% was observed. For the sake of convenience, the
average values are presented, where ∆P1 corresponds to the pressure drop in the bed
segment near to the inlet and ∆P4 denotes the very bottom bed segment (see Section
3.2.2 and Figure 3.4). At a quick glance, the variation in pressure drop along the bed
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segments is not very significant. However, a slight increase in pressure drop is observed
for the downstream bed segments compared to its upstream sections, mainly for higher
mass flow rates, > 35 kg/h. The difference is within 4% between the adjacent bed
segments and sums up to 6-9% on comparing the top segment (∆P1) and the very
bottom segment (∆P4). Interestingly, this trend is almost similar for both the Raschig
ring and the metal foam beds. The bottom region of a fixed-bed might be denser due
to the larger momentum of the particles impacting on the bed from a higher altitude.
Although this momentum is considerably reduced by the filling device, a difference in
bed void fraction over the bed height can be foreseen. Consequently, a pressure drop
gradient over the bed segments is also expected. The measurements are also verified
upon repeated loading and unloading of the pellets and the results are shown in Figures
3.5c and 3.5d for each bed segments at the maximum mass flow rate of 56.3 kg/h. The
variations are not significant (< 3.5%) as the use of loading device ensures sufficient
reproducibility of the packing structure.

Figure 3.5: Experimental pressure drop across the bed segments: (a) Raschig ring and
(b) Metal foam; Experimental pressure drop on repeated loading: (c) Raschig ring and (d)
Metal foam; (e) Specific pressure drop along a bed height of 1600 mm.
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For a better comparison, the pressure drop data are normalized by the bed segment
length to obtain the specific pressure drop. Figure 3.5e shows the specific pressure drop
in the Raschig ring and metal foam beds, which corresponds to a bed height of 1600 mm
(sum of all bed segments). For mass flow rates larger than 10 kg/h, the specific pressure
drop of the metal foam bed is considerably lower than that for the bed of Raschig rings.
The pressure drop in the Raschig ring bed is about 50% higher compared to the metal
foam bed, at the maximum mass flow rate of 56.3 kg/h. In fact, the reduction in pressure
drop in the metal foam bed is dependent on the mass flow rate and is depicted in Figure
3.5f as the ratio of the specific pressure drop in the Raschig ring bed to the metal foam
bed. For low to medium flow rates, ≤ 30 kg/h, the variation in the pressure drop is
proportional to the mass flow rate with a power factor of 0.16. Afterwards, the factor
reduces to 0.07 or exhibits a behavior closer to a linear dependency. The pressure drop
in the metal foam bed is dependent on the amount of flow through the pellets. As the
resistance inside the pellets are regulated by flow velocity, the overall flow behavior of a
metal foam bed relies on the corresponding flow regime.

3.3.2 Validation of synthetic fixed bed structures
The influence of the loading method on the bed structures is investigated by adopting
three different filling strategies in Blender simulations and is illustrated in Figure 3.6:
(1) Line-filling, where the pellets are allowed to fall freely from the top of the container
in a single line with an imposed random particle orientation; (2) Array-filling being
similar to (1), where, instead of a line fashion, the pellets are initialized in an array
mode; (3) Pot-Brush-filling, where the pellets are poured into the container from a pot
and a brush-like device is used to slowdown the pellets. The brush moves upwards as the
bed height increases. This method describes the filling process of the Unidense catalyst
loading technology more closely—see Supporting Information.

Figure 3.6: Different synthetic filling strategies and corresponding bed structures with a
friction coefficient of 0.7: (a) Line (b) Array and (c) Pot-Brush.
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For all of the loading strategies, a total of 1,000 Raschig rings are used and the
rigid body parameters are kept the same for all the cases. A dummy thermowell is also
considered similarly to experiment, since any type of reactor internals could influence
the bed structure. The bed structures generated by using different loading methods
and with a constant friction coefficient of 0.7 is also shown in Figure 3.6. It is observed
that the bed generated by the Pot-Brush method is the tallest and is about 13–20 mm
higher compared to the beds realized by the Array and the Line methods. This is in line
with the observations from Jurtz et al. [41]; however, they used a different numerical
method (DEM) and a different shape of the filling device. In the Pot-Brush method, the
brush-like device favors the reduction in the momentum of the falling particles.

In the second step, each of the loading strategies is subjected to a range of friction
coefficient and the mean bed voidage of the generated beds is investigated. Figure 3.7a
depicts the comparison of the calculated mean bed voidage for different cases. The
general trend is a linear increase in bed voidage while the friction coefficient increases.
This is in line with other numerical studies [48, 49]. The friction between the relative
contact surfaces is lower at low surface roughness value, which in turn creates denser
beds. As far as a comparison of the loading methods is concerned, the pot-brush method
allows loose beds, whereas the line method results in comparatively denser beds. In
Pot-Brush-method, the momentum of the falling particles undergoes reduction upon
collision with the brush structure, whereas the momentum gained by the falling particles
is higher in the Line-method, since there is minimal interaction between the particles
on the way into the container. Consequently, the particles may displace more evenly
in the bed structure until their momentum dies out. Figure 3.7a also shows the mean
voidage obtained from the experiment and a correlation from literature [50, 51].The
experimentally derived (based on the weighing method) mean voidage is 0.619 and the
corresponding value predicted by the literature correlation is 0.605. The correlation
does not account for the capillary inside or the influence of any loading strategy, even
though the agreement is satisfactory. From the comparison to the experimental value, it
is revealed that the bed generated by the Pot-Brush method with f = 0.4 shows good
agreement with the experimental value, whereas the Array and Line methods agree to
experimental data with f = 0.7 and f = 0.9, respectively.

The practical applicability of any simulation method has been decided also based on
the computational power required for its execution. Here, the computational time taken
to simulate each loading strategy is estimated based on one CPU (intel Core i7-8700K)
and is depicted in Figure 3.7b. For the Line and Array methods, the total simulation
time is less than an hour, while Pot-Brush requires almost double the computational
power. This is attributed to the extra work of the physics engine to simulate the pouring
process of particles from a pot and to simulate the additional collision of particles with
the brush structure. Even though, the time consumed for the RBD simulation using
Blender is very much lower than the conventional methods like DEM simulations [26].

Along with the bed voidage, another important physical parameter of the bed
structures made of non-spherical particles is the particle orientation. Moreover, the
alignment of particles with respect to the flow direction is more significant when the
particles are of hollow type like Raschig rings, multi-hole cylinders, etc. Therefore, the
impact of the loading methods and the friction coefficient on the orientation of Raschig
rings are analyzed with the numerically generated beds. Figures 3.8a–c show the global
particle distribution of orientation for the loading methods Line, Array and Pot-Brush,
respectively. Here, the particle orientation is defined as an angle (0° ≤ θ ≤ 90°) between
the vertical axis of the reactor column and the vertical symmetrical axis of an individual
Raschig ring.
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Figure 3.7: (a) Impact of friction coefficient on mean bed voidage; (b) Simulation time
versus Loading strategy.

It is interesting to note that the predominant particle orientation is 80°–90° for
all the studied cases, which is in line with other experimental observations[19]. The
dependency of particle orientation with friction coefficient is almost similar for all the
loading methods. The tendency of particles to align either parallel (0°–10°) or orthogonal
(80°–90°) to the vertical axis is higher for the friction factors < 0.5. In using the line
method, the least particle orientation is in the range (50°–70°) for all the friction factors.
Indeed, for the Array and Pot-Brush methods coupled with friction factors > 0.2,
minimum number of particles is aligned in the range (0°–10°). Also, Pot-Brush method
allows more particles to align in (40°–70°) compared to other methods. This reveals
that the brush structure helps to align the particles in a more random fashion. Due to
the stochastic nature, an exact mathematical formulation for the particle orientation
distribution in a random packed bed is cumbersome. It is practically impossible to create
an exact replica of particle orientation, while repeating the loading and un-loading
of the same packing. Indeed, the overall characteristics can be maintained somewhat
similar, i.e., the greater tendency to align either perpendicular (90°) or parallel (0°) to
the column vertical axis.

As the final step in the validation of the bed structure, a bed from each of the loading
strategies is selected, which bears the mean voidage close to the experimental bed, and
subjected to pressure drop CFD simulations. Here, it is worthwhile to recall that the
mean bed voidage of 0.619 was achieved at friction factors of 0.9, 0.7 and 0.4 for the Line,
Array and Pot-Brush methods, respectively (see Figure 3.7a). However, the orientation
of particles in these beds are not exactly similar as depicted in Figure 3.9a. The pressure
drop simulated by using the numerical bed from each loading strategy is compared with
the experimental data for a mass flow rate of 56.5 kg/h and is shown in Figure 3.9b.
An error bar of ±10% is included along with the experimental data to cover-up the
variation in pressure drop along the bed segments and other possible instrumentation
errors. A very good agreement is observed for all the cases as the deviations are even
less than 3%. Hence, it is inferred that the mean bed voidage is the critical parameter
in defining the pressure drop characteristics of fixed-beds. Furthermore, the effects of
catalyst loading device on bed morphology can be included in numerical bed generation
by adjusting the RBD parameter: friction coefficient, in a simple loading strategy which
is of less computational cost. In this case, Array method is found as efficient from the
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Figure 3.8: Impact of loading strategy and friction factor (f ) on particle orientation:
(a–c) global orientation distribution for Line, Array and Pot-Brush, respectively.

practical perspective, as it consumes lesser computational time (see Figure 3.7b) as well
as being capable of simulating a bed morphology close to experimental bed.

The Array-method is then extended to generate a representative bed structure for
the metal foam pellets. It should be noted that the numerical bed for the metal foam
pellets is made of solid cylinders, as flow through the pellets is accounted by the porous
media model (see Section 3.2.4.1). As explained earlier, the friction coefficient is adjusted
to achieve a mean bed voidage close to the experimental bed made of metal foam
pellets—see Supporting information.

3.3.3 Validation of the CFD model
The validation of the CFD simulation is carried out using the experimental pressure drop
data discussed in Section 3.3.1. Firstly, the ability of particle-resolved CFD approach
in predicting the pressure drop of fixed-beds is validated. Figure 3.10a depicts the
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Figure 3.9: (a) Particle orientation in the selected bed structures; (b) Comparison of
specific pressure drop in the beds from different loading methods – CFD Vs. Experiment
(error bar of ± 10% to cover-up the pressure drop variation along the bed segments and
the instrumentation errors).

comparison of specific pressure drop predicted in the Raschig ring bed to the experimental
data. The CFD results show an excellent agreement with the experimental data.

Figure 3.10: Pressure drop comparison: (a) Raschig ring and (b) Metal foam (error bar
of ± 10% to cover-up the pressure drop variation along the bed segments and the possible
instrumentation errors in the experiment).

A comparison with empirical correlations proposed by Ergun [43] and Nemec and
Levec [38] is also carried out. It is evident that Ergun correlation under-predicts pressure
drop, whereas Nemec and Levec over-predicts with a mean relative error of 36% and 21%,
respectively. The pressure drop characteristics in a fixed-bed composed of hollow particles
and the case of low tube-to-particle diameter ratio were not explicitly considered in
arriving the constants in Ergun equation, i.e., A = 150, B = 1.75, see Eq. (5). Nevertheless,
the equivalent particle term in Ergun equation allows to include the effect of high surface
area and the shape effects augmented by the hollow particles to some extent. However,
it is not sufficient to incorporate all the flow artefacts occurring in the fixed-beds made
of hollow particles. Several experimental studies have shown that the pressure drop in
the Raschig ring beds are much higher than anticipated due to the eddies and dead
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spaces in the inner hole. The correlation of Nemec and Levec has addressed this issue
by the correction in the effective porosity as proposed by Sonntag [52], which considers
that only 20% of the inner hole volume is subjected to flow. In Figure 10a, the fraction
of inner hole available to fluid flow is designated as "m". Nevertheless, the applicability
of a constant m-value for a wide range of flow velocities and different types of hollow
cylinders is dubious. The fluid velocity and the size of inner holes could impact the
flow through the rings. Importantly, the experimental data used in the realization of
Nemec and Levec correlation are in the flow rate range, 10 ≤ Re∗p ≤ 500. It is also evident
from Figure 10a that Nemec and Levec correlation with m = 0.20 predicts pressure
drop well for Re∗p < 1000 in comparison to the experimental data; afterwards deviation
in prediction increases. A better agreement to the experimental data is observed with
the modified m-values of 0.40 in the range, 1000 ≤ Re∗p ≤ 2000 and 0.50 for 2000 <
Re∗p ≤ 3250. The other possible reason for the discrepancies might be the impact of the
dummy thermowell. Dixon and Wu [53] have investigated the influence of different sizes
of thermowells on fluid flow and heat transfer in the fixed-beds. They concluded that
the conduction and flow by-passing along the thermowell alter the temperature profile
compared to the bed structure without a thermowell. In a recent study of the same
authors, an exothermic chemical reaction is considered, and the influence of thermowell
in the mass and heat transfer processes under the reaction conditions has also been
confirmed [54]. The presence of the thermowell at the center core of the bed imparts
an additional bypass-flow through its circumferential region, where the local bed void
fraction is higher. The bypass flow effects are predominant at higher flow rates and,
therefore, the deviations are more noticed at higher flow velocity. From this study, it
is noteworthy that the particle-resolved CFD is very effective in predicting the flow
characteristics of slender fixed-bed reactors with reasonable accuracy and could also be
beneficial in understanding the impact of such additional internals as sensors, thermowell,
capillaries and the like.

To predict the pressure drop in metal foam pellets, the validated particle-resolved
CFD model for ceramic Raschig ring is adapted with the closure equations explained in
Section 3.2.4.1. The comparison of CFD results with experimental data is shown in Figure
3.10b. It is observed that the CFD predictions with the foam structural parameters,
Ø = 1200 µm and ε = 0.87 are about 16-30% lower compared to the experimental
data for the range of flow rates investigated. The reliability of the Lacroix correlation
(Equation (3.6)-(3.8)) in predicting pressure drop of a foam structure greatly depends
on the accuracy of the used morphological parameters. However, foams may exhibit
considerable variation in their structures, mainly due to the manufacturing routes. The
supplier of these foam pellets has accepted an allowance of ±10% in cell size. As shown
in Figure 3.10b, the simulated specific pressure drop with 10% reduction in cell size, i.e.
1080 µm, is closer to experimental data, with a relative error of 12–25%.

The process of shaping a required pellet geometry from the foam sheet may also
affects the physical characteristics of pellets’ outer faces. It should be noted that the
required height or diameter of a foam pellet has been achieved by stacking thin layers of
multiple foam sheets and are adhered them by heat treatment processes. The thickness
of a single layer depends on its cell size and is around 3 mm for the case of 1200 µm. In
the end, the required pellet shapes have been cut out from the thickened sheet [5]. Upon
physical examination of the processed pellets, it is revealed that there are more closed
and roughened cells along the cutting faces as a side-effect of the shaping process (see
Figure 3.10b). This change in foam morphology can cause an additional increase in the
pressure drop by reducing the effective porosity. Moreover, the roughened wall surfaces
combined with the fine structures of the metal foam pellets might induce additional
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flow artefacts in the packed bed arrangement that are difficult to reproduce completely
in a CFD framework with the porous-media model. To account for these flow artefacts
in the CFD model, a correction factor which modifies the original porosity is applied.
As depicted in Figure 3.10b, CFD results with 2.3% reduction in original porosity, i.e.
0.87 to 0.85, showing an excellent agreement to the experimental data. Meanwhile, the
suitability of the same correction factor for different foam morphologies and pellet shapes
is questionable. This embarks further investigation on the pressure drop characteristics
of various pellets shapes and foam morphologies and it will be addressed in a future
work.

3.3.4 CFD flow field analysis
A detailed study of the flow field is very important to analyze the performance of a
reactor. However, experimental insights are very difficult to achieve. The contour maps
of velocity magnitude normalized by the superficial velocity of 3.8 m/s are shown in
Figures 3.11a and 3.11b, along a vertical section of the Raschig ring and the metal foam
beds, respectively. The localized rise in interstitial velocity is clearly visible on both
the beds and is proportional to local bed voidage. The regions close to the reactor wall
and the dummy thermowell are subjected to significant velocity fluctuations where flow
channelling occurs. At = 3.8 m/s, the local rise in physical velocity can go up by a factor
of 8 in the Raschig ring, whereas by a factor of about 5 in the metal foam bed. Since the
foam pellets support internal flow, a more homogenous velocity distribution is observed
in the metal foam bed, except for the regions close to wall — see Supporting Information.
However, fluid particles experience different resistances while flowing around and through
the particles and it is strongly related to the actual foam morphological parameters,
mainly cell size and porosity. The significance of particle orientation is also evident
from the contour plots of the Raschig ring bed (see Figure 3.11a). The inner holes are
subjected to considerable fluid flow when it is parallel to the flow direction. Despite, the
majority of Raschig rings are aligned perpendicular to the flow direction and are exposed
to the eddies and the flow obstructions induced by the upstream particles. Therefore,
only a fraction of the inner hole regions could support the fluid flow and, subsequently,
the effective bed porosity is reduced.

A qualitative estimation of the amount of flow through the pellets is carried out
using CFD simulations. To quantify flow through the pellets, a few cross-sectional planes
are selected along the bed, where the average flow velocity in the porous pellet region
and the corresponding flow area are calculated. Figure 3.12a illustrates the streamlines
injected from the reactor inlet, and the selected planes for mass flow calculation is shown
in Figure 3.12b. It should be highlighted that the illustrated streamlines could not reflect
the real flow tortuosity inside the pellets. Figure 3.12c depicts the percentage of total
fluid flows through the pellets at different bed Reynolds numbers. For the studied cases,
the estimated mean mass flow rate is in the range of 21–33% of the total flow and is
dependent on the Reynolds number, see also Equation (3.5). Indeed, mass flow through
the pellets seems relatively constant at Re∗p ≥ 2000. This is in line with the results
presented by Kolaczkowski et al.[10], which is based on the experimental studies. It
should be kept in mind that, inside the pellets for high velocities, inertia forces dominate
the flow resistance via Equation (3.5). In the interstitial region, pressure drop originates
from deflection and detachment of the flow. Hence, the ratio between the flow through
and around the pellets depends on the flow regime. However, pore-scale simulations are
necessary to limit the uncertainties in modeling the flow through the pellets.
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Figure 3.11: Normalized velocity contours (a) Raschig ring (b) Metal foam.

Figure 3.12: (a) Representation of streamlines over the bed, (b) Selected planes to
calculate the mass flow through the pellets and (c) Mass flow through pellets as a function
of Reynolds number (error bar indicates the fluctuations from different planes).
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3.4 Conclusion
An adapted particle-resolved CFD workflow is presented to study the flow characteristics
of fixed-bed reactors with randomly packed metal foam pellets. The validation of the
CFD model was carried out with the experimental pressure drop data for ceramic
Raschig rings and cylindrical metal foam pellets. From the experimental study, it is
revealed that pressure drop in the metal foam pellets is lower compared to the Raschig
ring. The metal foam pellets are heavily porous, which allows considerable internal flow,
subsequently low pressure drop. By virtue of internal flow and convection around the
particles, metal foam pellets could offer an improved fluid-solid interfacial exchange in
comparison to conventional ceramic pellets.

We showed that the catalyst loading methods can also be modeled along with
synthetic bed generation in using RBD approach integrated in Blender software, with
low computational efforts. It should be noted that the mean bed voidage is the critical
parameter relevant to fluid dynamic characteristics of a packing structure. Therefore,
mean bed voidage of the numerical bed should be in good agreement with the real
packing structure. It has been achieved by adjusting one of the RBD parameters, i.e.
friction coefficient, regardless of the catalyst loading method.

In comparison with the experimental data of Raschig rings, the pressure drop
predicted by the established particle-resolved CFD approach shows an excellent
agreement. It is also evident that detailed CFD simulations could capture even the
intrusive effects of measuring devices like the thermowell. The validated particle CFD
model is then adapted to mimic the internal flow through the pellets with appropriate
closure equations, which are dependent on foam morphological parameters such as cell
size and foam porosity. The pressure drop predicted by the adapted CFD model shows
good agreement to experimental data in using a modified porosity, which also considers
the impact of closed cells along the cutting faces of the foam pellets in the effective bed
voidage.

The flow distribution in the fixed-beds composed of metal foam pellets is highly
dependent on the foam morphology. Therefore, it is recommended to verify the
applicability of the proposed CFD workflow in different foam morphologies and pellet
shapes. This will be addressed in future works. Additionally, the proposed CFD workflow
will be extended to study the heat transfer characteristics and chemical reactions.

35



REFERENCES

References
[1] J. Banhart, “Manufacture, characterisation and application of cellular metals and

metal foams,” Progress in Materials Science, vol. 46, no. 6, pp. 559–632, 2001.

[2] L. Giani, G. Groppi, and E. Tronconi, “Mass-transfer characterization of metallic
foams as supports for structured catalysts,” Industrial & Engineering Chemistry
Research, vol. 44, no. 14, pp. 4993–5002, 2005.

[3] T. J. Lu, H. A. Stone, and M. F. Ashby, “Heat transfer in open-cell metal foams,”
Acta Materialia, vol. 46, no. 10, pp. 3619–3635, 1998.

[4] S. Kim and C.-W. Lee, “A review on manufacturing and application of open-cell
metal foam,” Procedia Materials Science, vol. 4, pp. 305–309, 2014.

[5] G. Walther, B. Klöden, T. Büttner, T. Weißgärber, B. Kieback, A. Böhm,
D. Naumann, S. Saberi, and L. Timberg, “A new class of high temperature and
corrosion resistant nickel-based open-cell foams,” Advanced Engineering Materials,
vol. 10, no. 9, pp. 803–811, 2008.

[6] B. Choi, J. K. Kim, J. Bae, A. Tillman, L. Torkuhl, D. Beton, and R. Kolvenbach,
“Method for producing a pellet, pellet, catalyst charge, and static mixer,” 2019.

[7] A. G. Dixon, “Cfd study of effect of inclination angle on transport and reaction
in hollow cylinder catalysts,” Chemical Engineering Research and Design, vol. 92,
no. 7, pp. 1279–1295, 2014.

[8] A. G. Dixon, “Fixed bed catalytic reactor modelling-the radial heat transfer
problem,” The Canadian Journal of Chemical Engineering, vol. 90, no. 3, pp. 507–
527, 2012.

[9] G. Walther, U. Gaitzsch, T. Buettner, B. kieback, and T. Weissgaerber, eds.,
Applications of Metal Foam as Catalyst Carrier, Euro PM 2017 Proceedings,
European Powder Metallurgy Association, 2017.

[10] S. T. Kolaczkowski, S. Awdry, T. Smith, D. Thomas, L. Torkuhl, and R. Kolvenbach,
“Potential for metal foams to act as structured catalyst supports in fixed-bed
reactors,” Catalysis Today, vol. 273, pp. 221–233, 2016.

[11] B. Partopour and A. G. Dixon, “110th anniversary : Commentary: Cfd as a modeling
tool for fixed bed reactors,” Industrial & Engineering Chemistry Research, vol. 58,
no. 14, pp. 5733–5736, 2019.

[12] A. G. Dixon and B. Partopour, “Computational fluid dynamics for fixed bed
reactor design,” Annual review of chemical and biomolecular engineering, vol. 11,
pp. 109–130, 2020.

[13] N. Jurtz, M. Kraume, and G. D. Wehinger, “Advances in fixed-bed reactor modeling
using particle-resolved computational fluid dynamics (cfd),” Reviews in Chemical
Engineering, vol. 35, no. 2, pp. 139–190, 2019.

[14] W. Zhang, K. E. Thompson, A. H. Reed, and L. Beenken, “Relationship between
packing structure and porosity in fixed beds of equilateral cylindrical particles,”
Chemical Engineering Science, vol. 61, no. 24, pp. 8060–8074, 2006.

36



REFERENCES

[15] A. Bertei, C.-C. Chueh, J. G. Pharoah, and C. Nicolella, “Modified collective
rearrangement sphere-assembly algorithm for random packings of nonspherical
particles: Towards engineering applications,” Powder Technology, vol. 253, pp. 311–
324, 2014.

[16] M. Marek, “Numerical generation of a fixed bed structure,” Chemical and Process
Engineering, vol. 34, no. 3, pp. 347–359, 2013.

[17] M. Marek, ed., Numerical modeling of random packed beds of various packing
densities with a sequential deposition algorithm.

[18] P. Niegodajew and M. Marek, “Analysis of orientation distribution in numerically
generated random packings of raschig rings in a cylindrical container,” Powder
Technology, vol. 297, pp. 193–201, 2016.

[19] R. Caulkin, X. Jia, C. Xu, M. Fairweather, R. A. Williams, H. Stitt, M. Nijemeisland,
S. Aferka, M. Crine, A. Léonard, D. Toye, and P. Marchot, “Simulations of structures
in packed columns and validation by x-ray tomography,” Industrial & Engineering
Chemistry Research, vol. 48, no. 1, pp. 202–213, 2009.

[20] P. A. Cundall and O. D. L. Strack, “A discrete numerical model for granular
assemblies,” Géotechnique, vol. 29, no. 1, pp. 47–65, 1979.

[21] G. D. Wehinger, T. Eppinger, and M. Kraume, “Evaluating catalytic fixed-bed
reactors for dry reforming of methane with detailed cfd,” Chemie Ingenieur Technik,
vol. 87, no. 6, pp. 734–745, 2015.

[22] J. Bender, K. Erleben, and J. Trinkle, “Interactive simulation of rigid body dynamics
in computer graphics,” Computer Graphics Forum, vol. 33, no. 1, pp. 246–270,
2014.

[23] M. Glatt, D. Kull, B. Ravani, and J. C. Aurich, “Validation of a physics engine for
the simulation of material flows in cyber-physical production systems,” Procedia
CIRP, vol. 81, pp. 494–499, 2019.

[24] G. Boccardo, F. Augier, Y. Haroun, D. Ferré, and D. L. Marchisio, “Validation of a
novel open-source work-flow for the simulation of packed-bed reactors,” Chemical
Engineering Journal, vol. 279, pp. 809–820, 2015.

[25] B. Partopour and A. G. Dixon, “An integrated workflow for resolved-particle
packed bed models with complex particle shapes,” Powder Technology, vol. 322,
pp. 258–272, 2017.

[26] S. Flaischlen and G. D. Wehinger, “Synthetic packed-bed generation for cfd
simulations: Blender vs. star-ccm+,” ChemEngineering, vol. 3, no. 2, p. 52, 2019.

[27] W. Zhong, A. Yu, X. Liu, Z. Tong, and H. Zhang, “Dem/cfd-dem modelling of non-
spherical particulate systems: Theoretical developments and applications,” Powder
Technology, vol. 302, pp. 108–152, 2016.

[28] H. Kruggel-Emden, S. Rickelt, S. Wirtz, and V. Scherer, “A study on the validity
of the multi-sphere discrete element method,” Powder Technology, vol. 188, no. 2,
pp. 153–165, 2008.

37



REFERENCES

[29] E. Coumans, “Bullet physics library,” 2012.

[30] B. Yu and P. Cheng, “A fractal permeability model for bi-dispersed porous media,”
International Journal of Heat and Mass Transfer, vol. 45, no. 14, pp. 2983–2993,
2002.

[31] G. D. Wehinger, H. Heitmann, and M. Kraume, “An artificial structure modeler
for 3d cfd simulations of catalytic foams,” Chemical Engineering Journal, vol. 284,
pp. 543–556, 2016.

[32] J. C. Tucker and A. D. Spear, “Correction to: A tool to generate grain-resolved
open-cell metal foam models,” Integrating Materials and Manufacturing Innovation,
vol. 8, no. 3, p. 440, 2019.

[33] M. Bracconi, M. Ambrosetti, M. Maestri, G. Groppi, and E. Tronconi, “A systematic
procedure for the virtual reconstruction of open-cell foams,” Chemical Engineering
Journal, vol. 315, pp. 608–620, 2017.

[34] S. Das, N. G. Deen, and J. Kuipers, “Direct numerical simulation for flow and heat
transfer through random open-cell solid foams: Development of an ibm based cfd
model,” Catalysis Today, vol. 273, pp. 140–150, 2016.

[35] T. P. de Carvalho, H. P. Morvan, D. M. Hargreaves, H. Oun, and A. Kennedy,
“Pore-scale numerical investigation of pressure drop behaviour across open-cell metal
foams,” Transport in Porous Media, vol. 117, no. 2, pp. 311–336, 2017.

[36] G. D. Wehinger, S. T. Kolaczkowski, L. Schmalhorst, D. Beton, and L. Torkuhl,
“Modeling fixed-bed reactors from metal-foam pellets with detailed cfd,” Chemical
Engineering Journal, vol. 373, pp. 709–719, 2019.

[37] E. Achenbach, “Heat and flow characteristics of packed beds,” Experimental Thermal
and Fluid Science, vol. 10, no. 1, pp. 17–27, 1995.

[38] D. Nemec and J. Levec, “Flow through packed bed reactors: 1. single-phase flow,”
Chemical Engineering Science, vol. 60, no. 24, pp. 6947–6957, 2005.

[39] M. Lacroix, P. Nguyen, D. Schweich, C. Pham Huu, S. Savin-Poncet, and D. Edouard,
“Pressure drop measurements and modeling on sic foams,” Chemical Engineering
Science, vol. 62, no. 12, pp. 3259–3267, 2007.

[40] G. Ryntveit and K. r. Bayer, “Method for filling particulate material into tubes,”
1993.

[41] N. Jurtz, G. D. Wehinger, U. Srivastava, T. Henkel, and M. Kraume, “Validation
of pressure drop prediction and bed generation of fixed–beds with complex particle
shapes using discrete element method and computational fluid dynamics,” AIChE
Journal, vol. 66, no. 6, 2020.

[42] B. Mohammadi and O. Pironneau, Analysis of the K-epsilon turbulence model.
France: Editions MASSON, 1993.

[43] S. Ergun, “Fluid flow through packed columns,” Chem. Eng. Prog., vol. 48, pp. 89–94,
1952.

38



REFERENCES

[44] P. Kumar and F. Topin, “State-of-the-art of pressure drop in open-cell porous
foams: Review of experiments and correlations,” Journal of Fluids Engineering,
vol. 139, no. 11, p. 5202, 2017.

[45] T. Eppinger, K. Seidler, and M. Kraume, “Dem-cfd simulations of fixed bed reactors
with small tube to particle diameter ratios,” Chemical Engineering Journal, vol. 166,
no. 1, pp. 324–331, 2011.

[46] G. D. Wehinger, C. Fütterer, and M. Kraume, “Contact modifications for cfd
simulations of fixed-bed reactors: Cylindrical particles,” Industrial & Engineering
Chemistry Research, vol. 56, no. 1, pp. 87–99, 2017.

[47] G. D. Wehinger, Particle-resolved CFD simulations of catalytic flow reactors. Phd
thesis, TU Berlin, 1 July 2016.

[48] N. Jurtz, P. Waldherr, and M. Kraume, “Numerical analysis of the impact of
particle friction on bed voidage in fixed-beds,” Chemie Ingenieur Technik, vol. 91,
no. 9, pp. 1260–1266, 2019.

[49] S. Flaischlen, M. Kutscherauer, and G. D. Wehinger, “Local structure effects on
pressure drop in slender fixed beds of spheres,” Chemie Ingenieur Technik, vol. 93,
no. 1, 2020.

[50] A. G. Dixon, “Correlations for wall and particle shape effects on fixed bed bulk
voidage,” The Canadian Journal of Chemical Engineering, vol. 66, no. 5, pp. 705–708,
1988.

[51] E. A. Foumeny and F. Benyahia, “Predictive characterization of mean voidage in
packed beds,” Heat Recovery systems & CHP, vol. 11, no. 2/3, p. 127, 1991.

[52] G. Sonntag, “Einfluß des lückenvolumens auf den druckverlust in gasdurchströmten
füllkörpersäulen,” Chemie Ingenieur Technik, vol. 32, no. 5, p. 317, 1960.

[53] A. G. Dixon and Y. Wu, “Flow and heat transfer in narrow fixed beds with
axial thermowells,” Numerical Heat Transfer, Part A: Applications, vol. 76, no. 11,
pp. 811–829, 2019.

[54] A. G. Dixon and Y. Wu, “Partial oxidation of o-xylene to phthalic anhydride in
a fixed bed reactor with axial thermowells,” Chemical Engineering Research and
Design, vol. 159, pp. 125–137, 2020.

39





4
Radial heat transport in a fixed-bed

reactor made of metallic foam pellets:
Experiment and Particle-resolved

Computational Fluid Dynamics

Abstract
Open-cell metallic foams in the shape of pelletized catalysts are regarded as potential
catalyst substrates for the application in fixed-bed reactors. This work reports an
experimental study and a detailed Computational Fluid Dynamics (CFD) model to
investigate the heat transfer performance of a fixed-bed reactor made of open-cell metallic
foam pellets. The steady-state heat transfer behavior of a hot gas flowing through such
a packed bed under wall-cooled conditions was examined. The proposed CFD model is
in line with the particle-resolved CFD (PRCFD) approach that accounts explicitly for
the random packing structure, so that the transport processes in the interstitial regions
are fully resolved. The momentum and energy transports inside the highly porous foam
particles are considered by closure equations based on the porous-media model. The
Rigid Body Dynamics (RBD) method is adopted to create the packing geometry. The
axial temperature and the pressure drop obtained by the CFD simulations show good
agreement with experimental data. To evaluate the thermal performance, effective heat
transport parameters in a packed bed such as the effective radial thermal conductivity
and the apparent wall-fluid heat transfer coefficient are determined, with the aid of a
2D pseudo-homogenous plug-flow reactor model. The correlations for heat transport
characteristics as a function of particle Reynolds number for the metallic foam packed
bed are also presented.
Key words: open-cell foam; CFD; heat transfer; fixed-bed reactor
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4.1 Introduction
Open-cell metal foams are considered as a promising alternative to the conventional
catalyst supports. Their cellular tortuous structure provides high surface area, high
porosity (> 85%), and high thermal conductivity [1], subsequently ensuring improved
mass and heat transfer in comparison to the structured catalyst supports like honeycomb
monoliths [2, 3]. Since most of the catalytic processes have been carried out at high
temperature and corrosive environment, the metallic foam substrates should bear superior
material properties to suit the demanding operating conditions [4]. In recent years, a
unique powder metallurgical process has been developed, which allows the manufacture of
alloyed foams (e.g. NiCrAl and FeCrAl) with tailored properties, to meet the requirements
of medium-high temperature ( 1000 °C) applications like Steam methane reforming
[5]. Meanwhile, a patented manufacturing method is also devised to produce pelletized
catalysts from open-cell metallic foams (see Fig. 4.1C), also for the use in fixed-bed
reactors [6]. Such foam pellets can be loaded and unloaded into and out of the lengthy
tube bundle reactors (> 8 m) with the same machines as for solid pellets. As opposed
to ceramic foams, metallic foam pellets provide high mechanical strength and stiffness,
so that they can be handled easily for quick loading-unloading without breakage. The
requirements for the selection of an adequate catalyst pellet shape and size in a fixed-bed
reactor are contrasting in nature [7], and therefore difficult to be fully-satisfied by the
conventional ceramic pellets. The open-cell metallic foam pellets are deemed to be a
plausible choice to meet such demands like lower pressure drop, high catalyst activity,
improved heat transfer, good mechanical stability, and the like [1, 5].

In the design of catalytic fixed-bed reactors, an intensified radial heat transfer is
an important criterion since it affects yield, stability, process selectivity, catalyst life
time, and so forth [8]. In fact, the heat transfer characteristics of a fixed-bed reactor is
rather complex due to the interplay between different thermal transport mechanisms
– conduction, convection, and thermal radiation – in accordance with the processing
conditions [9]. For instance, convective heat transfer mechanism should be leveraged
and stimulated, to convey the heat of reaction in the processes running at higher flow
rates [10]. Since the open-cell metallic foam pellets are a new-class of catalyst support,
detailed studies pertaining to heat transfer characteristics in a random packed bed made
of metallic foam pellets are scarce. Kolaczkowski et al. [11] have investigated the pressure
drop and thermal performance by monitoring the outlet temperature in a slender packed
bed (tube diameter: 74 mm) made of cubical metal foam pellets (10 mm, 1200 µm
cell size). In comparison to 1-hole ceramic pellets, significant reduction in pressure
drop was observed while the thermal performance was comparable upon the examined
operating conditions (flow rate 0.008 kg/s , gas temperature 500°C, tube wall temperature
650–950°C). This study has also revealed the importance of further explorations on
different pellet shapes, morphological parameters, and operating conditions. It should
be kept in mind that the experiments of this kind are expensive and time-consuming.
Therefore, a reliable modeling tool is necessary to explore the design variables, and to
optimize the foam pellet shape based on the needs of large-scale production processes.

The particle-resolved CFD approach (PRCFD), which accounts for the actual packing
structure, has been widely adopted to study the transport processes in fixed-bed
reactors of low tube-to-particle diameter type, D/dp ≤ 10, see [12, 13]. However, it
is computationally challenging to fully resolve the cellular foam structure inside the foam
pellets, hence, nearly impossible to apply PRCFD in its true sense for large packed bed
simulations composed of thousands of foam pellets. To tackle this, multiscale modeling
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approaches based on lumped parameters are usually adopted. In this category, Das et al.
[14] have presented a multiscale approach using volume average theory to investigate
the flow characteristics in packed beds made of cubic and cuboidal foam particles with
different tube-particle configurations. The packing structures were generated using
glued-sphere Discrete Element Method (DEM), and the reported results are for low
flow rates, Rep < 400, without experimental validation. Wehinger et al. [15] have
published a CFD approach, in which the conventional PRCFD is coupled with a pseudo-
homogenous porous-medium approach to define the transport processes inside the foam
pellets. The DEM method was used to create the packing geometry. The pressure
drop CFD simulations were validated with the experimental data from ref. [11], and a
good agreement was reported. They have also presented an illustrative heat transfer
simulation with the sub-grid models defining effective heat transport inside the foam
pellets. Moreover, this study has revealed that the accuracy of heat transfer simulations is
strongly dependent on the reliability of the used sub-models. Although many correlations
for estimating the thermal behavior of foam structures have been reported ref.[16], the
model’s suitability for randomly packed beds composed of metallic foam pellets has
not been verified yet. In a previous work [17], we have presented a CFD workflow to
investigate the hydrodynamics of fixed-bed reactors made of metallic foam pellets. In
lieu of the DEM approach, the Rigid Body Dynamics (RBD) method was used to create
the packing geometry, which allows the generation of random packing with arbitrary
particle shapes, with lower computational effort than the DEM [18]. The CFD model was
also validated with pressure drop data collected by a detailed experimental campaign.

In this work, a PRCFD approach is presented to study the thermal performance of
fixed-bed reactors made of open-cell metallic foam pellets. Similar to prior work [17], the
RBD method is used to generate the packing structure. The inner structures of foam
pellets are not resolved, instead, porous-media approach with the appropriate closure
equations are used for the pressure loss and the effective thermal conductivity inside
the foam pellets. To validate the efficacy of the adopted sub-models, an experiment
reactor setup is built to measure the axial bed temperature and pressure drop under
steady-state conditions in a packed bed composed of cylindrical metallic foam pellets.
A comparative performance assessment is also carried out with ceramic Raschig ring
since it is a preferred choice of catalyst carrier in many industrial catalytic fixed-bed
processes. Thus, a validated PRCFD framework has been realized to examine the thermal
performance of metallic foam pellets, which could act as a virtual environment for the
exploration of different foam pellet shapes, sizes, and foam structural properties to
meet the desired engineering goals. Furthermore, the effective heat transport parameters
in a packed bed such as effective radial thermal conductivity Λer , and the apparent
wall-fluid heat transfer coefficient αw are quantified, as well as correlations to predict
these parameters in terms of particle Reynolds number for a metallic foam packed bed
have been derived.

4.2 Material and methods

4.2.1 Experimental setup and test procedures
Heat transfer experiments were carried out in a wall-cooled reactor setup as illustrated
in Figure 4.1. The test apparatus consisted of a steel reactor tube (inner diameter of
69 mm, reactor height of 2500 mm, maximum packed bed height of 2000 mm) with
a cooling jacket, thermowell, flow controller, gas heater, oil pump, cooler, and other
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auxiliary equipment. A flow equalizer was installed on top of the reactor, to minimize
the flow entry-effects and to achieve a plug-flow-like velocity profile at the bed inlet (see
Supplementary Information).

Figure 4.1: (A) Experimental setup; Pellets investigated: (B) Ceramic Raschig rings and
(C) Cylindrical metal foam pellets; (D) Illustration of foam structural parameters.

Nitrogen gas was supplied to the gas heater set at the desired heating level via a mass
flow controller (F-203AV-1M0-RBD-44-V) with an operating range of 0–45 Nm3h−1,
provided by Bronkhorst Deutschland Nord GmbH, Germany. Its rated accuracy based
on the experiment conditions was ± (0.8% Reading-RD + 0.2% Full scale-FS). The feed
gas was heated by an electrical air preheater provided by EBZ Gmbh, Germany, with
5000 W power, maximum volumetric flow rate of 200 Nl min−1, and maximum heating
temperature of 850 °C. The pre-heated gas was then fed from top to bottom of the
reactor column. The temperature of the feed gas at the reactor entry was monitored by
a thermocouple (TIR/Tin—type K). The hot gas flowing through the bed underwent
cooling by the coolant oil (Avia Marlotherm SH) circulated along the reactor wall. The
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oil circulation was maintained by an oil pump; the direction of the coolant flow was
from the bottom to the top of the reactor tube. The cooling jacket was composed of
four zones, connected in such a way that the outlet of a bottom zone acted as the inlet
of an adjacent upper zone. The heated oil exited at the reactor top was directed towards
the cooler, upon cooling, supplied back to the coolant inlet at the reactor bottom.
The axial temperatures at the center core of the bed were measured with the aid of
a thermowell setup made from 1.4571 steel (Mawi-therm GmbH, Germany) with an
outer diameter of 3.5 mm and a thickness of 0.3 mm. It was equipped with an axial
arrangement of a total of 16 type K-thermocouples, in which the top 11 thermocouples
(Tд1–Tд11) were of 100 mm apart, and the rest (Tд12-Tд16) were equally spaced at 200
mm (see Figure 4.1). The temperature of the coolant oil was monitored at the inlets
(Tc1,in, (Tc2,in, (Tc3,in,(Tc4,in) and the outlets (Tc1,out , Tc2,out , Tc3,out , Tc4,out) of each cooling
zone. The outlet gas temperature of the reactor was also monitored (TIR/Tout). The
pressure drop across the bed was measured by installing pressure transducers at the
top (PIR/Ptop) and the bottom of the bed (PIR/Pbottom) while the pressure drop
across the whole reactor was monitored by a differential transducer (PDIR–Pin-Pout),
provided by Techmark GmbH, Germany–TM-PCE28 0–250 kPa and TM-AS-dP/0–100
kPa with the rated accuracy of 0.2% and 0.4% FS, respectively.

The experiments were carried out at different combinations of volumetric flow rate:
5–45 Nm3h−1 (Normal condition is 0°C and 101,325 Pa) and inlet gas temperature:
100–250°C; corresponding superficial velocities were between 0.56 and 3.8 ms−1, which
were calculated based on the ideal gas law connecting temperature, pressure and density.
The temperature data were recorded until a steady-state was reached at each temperature
location, which took about 3.5 hours (see Supplementary Information). The repeatability
and the accuracy of the measurements were verified, and the estimated uncertainties in
the temperature and pressure drop measurements were about 3% and 6%, respectively.

Two types of packing were investigated in this study: ceramic Raschig rings supplied
by Vereinigte Füllkörper-Fabriken GmbH & Co. KG, Germany, and the cylindrical
metal foam pellets made of NiCrAl alloy (71% Ni, 19% Cr, and 10% Al) by Alantum
Europe GmbH, Germany. Figures 4.1B, C show the pellet samples, and Figure 4.1D
illustrates the important foam morphological parameters. The characteristic length
scale considered in this study is equivalent particle diameter, defined as the diameter
of a sphere of equivalent particle volume, dp,v = (6Vp/π )1/3 – Vp is the volume of the
particle. Accordingly, the particle Reynolds number is defined as Rep = ρvsdp,v/µ , and
the molecular Peclet number as Pep = (ρCp)fvsdp,v/λ f , where ρ, vs , Cp, µ and λ f are
density, superficial velocity, heat capacity, and dynamic viscosity of the fluid medium,
respectively. Thus, the collected data represent the particle Reynolds number in the range
of ∼ 270 < Rep <∼ 2700. The important properties of the pellet samples are provided
in Table 4.1, as given by the manufacturer, and the foam porosity was additionally
verified by He-pycnometry test. It should be noted that the equivalent diameter of the
metal foam pellet is calculated based on the apparent particle volume; in other words,
the particle inner porosity ε is not considered. Also, the particle Reynolds number is
calculated based on the average value of density and dynamic viscosity in accordance
with the temperature variation across the bed.

The pellets were loaded into the reactor using a unique catalyst loading method
by Unidense Technology GmbH, Germany. This loading device consisted of a flexible
metallic rope with multiple springs arranged spatially along the rope. While the pellets
are loaded, the falling velocity undergoes reduction due to the collision between the
pellets and the springs. This ensures several advantages, such as controlled loading,
minimum breakage of pellets, more random orientation, least stacking of the pellets,
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and therefore uniform loading in the case of multiple tubes. In a previous study[17], this
loading method was verified in the pressure drop measurements. The variation in the
pressure drop data upon repeated loading and unloading of pellets has been found to be
< 3.5%, which indicates a reasonable repeatability of the bed structure.

Table 4.1: Properties of pellet samples

Pellet types dp dp,v [mm] N 1 = D/dp λp [Wm−1] ρp [kgm−3] Cp [Jkg−1K−1] ϕ [µm] ε

Raschig ring 10 9.86 6.9 1.0 2645 960 - -
Metal foam 10 12.16 6.9 0.202 6503 580 1200 ± 120 0.87

1N denotes tube (D) to particle diameter ratio, D = 69 mm
2effective stagnant conductivity at room temperature
3apparent density

4.2.2 Particle-resolved CFD (PRCFD) simulation
4.2.2.1 Modeling random packing structure

Blender, an open-source animation software, was used to create the random packing
geometry. For physics-based simulations, Blender is provisioned with the Bullet physics
library which is supported by the Rigid Body Dynamics (RBD) algorithm; its plausibility
in creating the packing structures has already been presented [18–20]. We have shown in
a previous work [17] that the catalyst loading methods can also be modeled in Blender.
Furthermore, the previous investigations have revealed that the mean bed void fraction is
the important structural parameter defining the flow characteristics in a packed bed. In
numerical bed generation the resultant bed void fraction is sensitive to mainly one RBD
parameter, namely the static friction factor. Hence, a good agreement in mean bed void
fraction between the numerical and the experimental beds can be achieved by using the
friction factor as an adjustment parameter, which could interblend the effects of pellet
loading methods and the particle physical characteristics. The same finding has also
been concluded by Jurtz et al. [21] based on the DEM simulation of packing structures
with a different catalyst filling method. By virtue of a detailed study comprising different
filling strategies and the influence of friction factor on mean bed void fraction as well
as particle orientation, the array filling method, which requires a comparatively low
computational effort, has been found to be efficient [17]. The array method was adopted
in this study, where the particles are aligned in an array fashion with an imposed random
particle orientation and allowed to fall freely under gravity as illustrated in Figure 4.2;
the corresponding RBD parameters are tabulated in Table 4.2. It should be noted that
the numerical bed for the foam pellets resembles solid cylinders, as the inner foam
structures are not physically resolved in the adopted modeling approach, see Sec. 4.2.2.2

4.2.2.2 Modeling momentum and energy transports

The turbulent flow conditions in a three-dimensional domain – composed of fluid and
solid regions – were considered by the Reynolds-averaged mass, momentum, and energy
equations. The energy balance across the contact interfaces between the fluid and solid
phases was modelled based on the conjugate heat transfer approach. Realizable K-ϵ
turbulence model with Two-layer All y+ wall treatment [22] was used in this study, which
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Table 4.2: RBD parameters used for bed generation

Restitution factor 0.7
Friction factor:
Raschig ring 0.7
Metal foam 0.3

Collison shapes Convex hull, Mesh
Computational time step [s] 0.001

Inner iterations 100
Animation frames 1000 − 1500

has been identified as a reasonable choice in PRCFD simulations[12]. The governing
equations and a detailed description of CFD modeling of fixed-bed reactors can be found
elsewhere [23]; a brief review is also presented in the Supporting Information. Herein,
the modeling of intra-particle transport processes inside the foam pellets is described.

In the case of a fixed-bed composed of thousands of foam pellets, a tremendous
computational effort is required for solving the transport processes at a scale relevant
to the internal foam structures, i.e., cellular strut level. In a prior work [17], the
hydrodynamics inside the foam pellets was modeled based on the porous-media approach,
with the closure equations for momentum transport proposed by Lacroix et al. [24].
This is an adapted version of the classical Ergun equation [25], where the inertial and
the viscous losses encountered while fluid flows through a foam structure are quantified
according to the foam morphological parameters – strut diameter ds , cell size ϕ, and
foam porosity ε as:

∇p
L
= A (1 − ε)2µ

ε3 (1.5ds)2
vs + B (1 − ε)ρ

ε3 (1.5ds)
v2
s (4.1)

The strut diameter ds is calculated from a cubic-cell based analogy between a bed of
granular spherical particles and the foam structure as given by Equation (4.2), where the
pore diameter is approximated by the cell size as a = ϕ/2.3, reported in ref. [24], for foams
with average cell size in the range of 1100−3700 µm ± 50 µm. The empirical constants in
Equation (4.1), are the same as proposed by Ergun: Kozeny-Karman constant A = 150,
and Burke-Plummer constant B = 1.75.

ds =
a
[ ( 4

3π
)
(1 − ε)

] 1
2

1 − a
[ ( 4

3π
)
(1 − ε)

] 1
2

(4.2)

The comparison of pressure drop between the experiment and those predicted by the
Lacroix correlation, Equations (4.1),(4.2), in a single foam pellet has shown an excellent
agreement [17]. However, the flow behavior in a random packing of several foam pellets is
not exactly the same, as the fluid can flow either around or through the particles. From
the previous cold flow experiments [17], it has been revealed that the roughened wall
surfaces combined with the fine foam structures could attribute additional flow resistance
in a packed bed arrangement. Therefore, the CFD framework to predict the pressure
drop has been modified towards the experimental data by imposing a correction factor
of 0.977 in the porosity term (ε ′ = 0.977.ε) in Equation (4.1). A good predictability has
been identified over a wide Rep range [17]. The same approach was employed in this
study to model the pressure drop.

The energy equation was formulated using a thermal equilibrium modeling approach,
which assumes that the fluid and solid temperatures inside the pellet are the same
(Tf luid = Tsolid ; solid phase corresponds to cellular foam structure). The proposed modeling
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Figure 4.2: Numerical packing generation – Raschig ring and Cylinder by array method.

strategy aims to minimize both complexity and computational time. For employing
a more robust approach like local thermal non-equilibrium, additional sub-models
are necessary, such as heat transfer coefficient between foam struts and fluid. The
correlations that are applicable for these kind of random packed bed arrangements are
missing. Detailed simulations like strut-resolved CFD should be done to identify an
adequate sub-model, which are not under the scope of this study.

According to local thermal equilibrium, a single energy transport equation was
considered as [22]:

∂(ρE)eff
∂t

+ ∇ · (ερfluid Hfluid v) = ∇ · (λeff ∇Tfluid ) + ∇ · (εT · v) (4.3)

(ρE)eff = ερfluid Efluid + (1 − ε)ρfluidCp,solidTfluid (4.4)
Here, v is true velocity in the porous medium; ρfluid, Cp,fluid, ρsolid, and Cp,fluid are

density and specific heat capacity of the fluid and the solid, respectively; Efluid is the
total energy of the fluid, Hfluid is the specific fluid enthalpy, and T is the stress tensor.
For estimating the effective foam thermal conductivity λeff, a wide set of correlations
can be found, see e.g., the review article by Ranut [16]. There are different methods
to calculate the effective foam conductivity such as asymptotic solutions, empirical
correlations, and unit cell approaches. The simplest formulation is based on limiting
cases under asymptotic solutions, where a lower limit is achieved when the thermal
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resistances of fluid and solid phases are combined in parallel mode upon weighted by
the foam porosity as:

λeff,parallel = ελfluid + (1 − ε)λsolid (4.5)
In fact, it has been identified that the parallel model overestimates the effective

thermal conductivity, as it hardly reckon with the complex foam structure [16]. The
other method in calculating is the unit cell approach that accounts for the foam structure
by an equivalent simplified geometry, subsequently modifying the parallel model. In this
category, Schuetz and Glicksman [26] have presented a correlation by considering the
reduction in the contribution of the solid conductivity, in accordance with the amount
of solid path oriented in the direction of heat flow. In other words, the tortuosity of the
strut network increases the resistance to heat conduction. The Schuetz-Glicksman (SG)
model as given by Equation (4.6) was used in this study, where fsolid is the fraction of
solid material in the strut; for the metal foams fsolid = 1 as reported in [16].

λeff,SG = ελfluid + (1 − ε)2 − fsolid
3 λsolid (4.6)

The bulk solid conductivity of the Nickel-Chromium alloy can be expressed in the
temperature range 0°C < T < 1200°C as λsolid = 5.192 + 0.0192T [27]. According to the
SG model, Equation (4.6), the solid conductivity is reduced by a factor of 1/3, which is
in line with the Lemlich model predicting the contribution of pure thermal conduction
in a stagnant foam [28]. In comparison with experimental data of aluminum foam-air
system, the estimated effective conductivity by the SG model has shown a mean squared
error of 0.295 (Wm−1K−1)2 [16], which indicates reasonable accuracy.

To sum up, the following assumptions have been considered in the model:

• Foam pellets are assumed as isotropic porous-media.
• Local thermal equilibrium was assumed inside the foam pellets, Tfluid = Tsolid.
• Anisotropic effects were not considered in the effective conductivity of foam pellets.

4.2.2.3 CFD simulation setup

The 3D solution domain consists of solid and fluid regions corresponding to bed structure
and interstitial spaces, respectively. It should be kept in mind that the bed structure in
simulation of metal foam pellets was considered to be a porous-medium. As schematically
shown in Figure 4.3, the CFD domain was realized in accordance with the experimental
setup, where the inlet of the simulation domain corresponds to the exit region of the
flow equalizer (see Figure 4.1A), and the outlet was extended to nullify the reverse flow
problem. The solution domain was meshed using Simcenter STAR-CCM+ 15.02 by
Siemens to create a conformal mesh type between the fluid and the solid regions. The
bulk of the domain was discretized by the polyhedral cells, whereas prism layer cells
were adopted at the near-wall regions – reactor tube wall and the solid particle walls
(see Figure 4.3). It is important to generate meshes with sufficient quality; however, in a
geometry like random packing the meshing is very challenging due to the high number of
particle-particle contact points, lines and areas. The contact modification methods have
been suggested to tackle these kind of problems. Recently, Eppinger and Wehinger [29]
have presented a generalized strategy independent of the particle shape, which allows
contact modifications by creating local thin gaps with respect to the particle diameter;
the same was adopted in this study. The final cell count was about 27 million, identified
as grid independent (see Supplementary Information). The appropriate total cell count,
mesh settings, as well as local refinements for a reasonable quality mesh generation in
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the PRCFD approach has been identified in prior works [18, 30], those guidelines are
also followed in this study.

Figure 4.3: Overview of the PRCFD setup.

At the inlet, a flat profile for the velocity, and a radially varying temperature was
assigned (see Figure 4.3). It was evident from the experimental data that the pre-cooling
section and the flow-equalizer have supported the temperature profile development before
the flow entered the packed bed. For each operating condition, this temperature profile
was estimated based on additional CFD simulations reflecting the pre-cooling section
and the flow equalizer (see Supplementary Information). At the wall surfaces – solid
pellet and reactor wall – no-slip boundary condition were assigned. An axially varying
temperature profile corresponding to the measured coolant temperatures was defined
at the reactor wall. The outlet pressure boundary condition was set at the outlet. The
thermowell was also modeled, as many prior studies have confirmed its influence on the
local bed structure, as well as heat transfer by providing an additional conduction path
[31, 32]. The heat conduction by the thermowell was considered by the shell wall model
[22], which virtually considers the thin wall thickness, thereby accounting for the planar
as well as normal conduction. The use of this modeling approach can avoid the difficulty
in discretizing very thin geometries, like in this case where thermowell thickness is 0.3
mm. Recently, Jurtz et al. [33] have also reported the adequacy of the shell conduction
approach to mimic the heat transfer in thermowell. The thermal conductivity of the
thermowell was defined by a linear function of temperature as λtw = 9.248 + 0.0157.T ,
200 K < T < 1200 K [34].

Nitrogen gas was used as the working fluid consistent with the experiment while
the ideal gas law was assumed to calculate gas density according to the variation in
temperature and pressure. The thermal conductivity was based on kinetic theory, and
the dynamic viscosity was determined by Chapman-Enskog model [22]. The material
properties of the pellets were defined as reported in Table 4.1. The operating pressure
and temperature were set according to the experiment trials.

The CFD simulations were carried out by Simcenter STAR-CCM+ 15.02, employed
with the finite-volume method to solve the conservation equations. All the closure
equations described in Section 4.2.2.2 were defined as field functions within the software.
A steady-state simulation was carried out using the segregated flow and energy solvers
with the Algebraic Multigrid (AMG) iterative method [22]. For the discretization
of convective and diffusion terms, an upwind differencing scheme of second-order
accuracy was used. The convergence was monitored by velocity magnitude, pressure,
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and temperature at different locations in the solution domain. The convergence criteria
were satisfied after about 2000 iterations for all the studied cases.

4.2.3 Heat transfer in packed beds – Theoretical background
The thermal performance of a tubular fixed-bed reactor, operated like a steady-state
heat exchanger, can be reliably predicted by the two-dimensional quasi-homogeneous
plug-flow reactor model. This simplified model disregards the temperature difference
between the gas and solid particles and relies on the effective parameters that are
accounted for all the underlying energy transport processes. Basically, the heat transfer
mechanisms from the bed interior towards the reactor wall are lumped into an effective
radial thermal conductivity Λer and an apparent wall-fluid heat transfer coefficient αw , in
which the latter corresponds to the sudden temperature jump in the immediate vicinity
of the reactor wall and its physical relevance has been discussed in ref. [35]. A thorough
evaluation as well as critique due to the simplifications in 2D model – uniformity in flow
velocity, bed thermal conductivity, and temperature jump – has been addressed in many
work [8, 9, 33, 35, 36] and in handbooks [37]. By neglecting the axial heat dispersion at
intermediate and higher flow rates, the heat balance equation leads to [38]:

GCp,f
∂T

∂z
= Λer

1
r

∂

∂r

(
r
∂T

∂r

)
(4.7)

With the boundary conditions:

Λer
∂T

∂r
= αw (Tw −T ) at r = R (4.8)

T = T0 at z = 0 (4.9)

∂T

∂r
= 0 at r = 0 (4.10)

Here, G is the superficial mass flow velocity and Cp,f is the heat capacity of
the fluid. On solving Equation (4.7), with the boundary conditions in Equations
(4.8) to (4.10), the local temperature in the bed is given by Equation (4.11), in a
dimensionless form with respect to wall temperature Tw and inlet gas temperature Tin;
D1 = Nuw

(
D/dp,v

)
/
(
Λer /λ f

)
and D2 = PEΓ

(
D/dp,v

)
/(L/D) [37].
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∑ 4J0 (βnr/R)(

D2
1 + 4β2

n

)
J0 (βn)

exp
(
−4β2

n/D2
)

(4.11)

Here,Nuw = αwdp.v/λ f is the wall-fluid Nusselt number, and PEr = (ρCp)fvsdp,v/Λer

is the effective radial Peclet number. The eigenvalues βn are calculated by Equation
(4.12), where J0 and J1 are Bessel functions of zeroth and first order, respectively. For a
solution deep in the bed, the series in Equation (4.11) converges quickly so that only
the first term is significant [38].

f (βn) = [D1J0 (βn) /2] − βn J1 (βn) = 0 (4.12)
The radial heat transfer in a packed bed reactor can be correlated as a combination of

the average thermal conductivity of the bed without fluid flow λbed , and flow-dependent
heat conductivities as [39]:

Λer

λ f
=
λbed
λ f
+
Pep

Kr
(4.13)
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1
PEr
=
λbed/λ f
Pep

+
1
Kr

(4.14)

where, Pep = (ρCp)fvsdp,v/λ f is the molecular Peclet number, and Kr is the limiting
value which is dependent on particle shape and D/dp ratio. In the case of Raschig rings,
Kr also varies with the ratios of inner hole-outer diameters, as well as the particle height-
outer diameter [37]. The correlation proposed by Zehner and Schlünder [40, 41] has been
widely used to estimate the stagnant bed conductivity. From Equations (4.13),(4.14),
it can be deduced that Λer ≈ λbed for low values of Pep, whereas for higher values
Λer ≈ Pep/Kr . This indicates that the primary mechanism giving rise to heat transfer at
low flow rates is the thermal conduction; conversely, at higher flow rates, it is the lateral
mixing of fluid in the bed voids [35]. Hence, the shape of the particles, which induces
the deflection of fluid inside the bed, has a major role in regulating the heat transfer.

It allows easiness from a reactor design perspective, when all the heat transfer
barriers are combined into a single global term. In the same manner as a counter-flow
heat exchanger, an overall heat transfer coefficient U is defined based on the total heat
transfer rate Q as [42]:

Q = UA∆TLM (4.15)

∆TLm =

( (
Tд,i −Tc,o

)
−
(
Tд,o −Tc,i

) )
ln (Tд,i−Tc,o)

(Tд,o−Tc,i)
(4.16)

where, A is the area available for heat transfer, and ∆TLm is the logarithmic mean
temperature difference as computed by Equation (4.16), where Tд,i and Tд,o are the
mixed-mean gas temperature at the inlet and outlet, respectively. The corresponding
coolant temperatures are Tc,i and Tc,o. Another inclusive parameter to analyze the thermal
performance of a heat exchanging system is the effectiveness η [42]:

η = Qactual/Qmax (4.17)
whereQactual = ÛmдCp,д

(
Tд,i −Tд,o

)
is the actual heat transfer rate;Qmax = Cmin

(
Tд,i −Tc,i

)
is the maximum possible heat transfer; Cmin =

(
ÛmдCp,д, ÛmcCp,c

)
is the minimum heat

capacity rate of either gas or coolant.
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4.3 Results and Discussion

4.3.1 Axial temperature and pressure drop measurements
The steady-state temperature measured along the bed centerline is normalized by the
inlet temperature Tin, and wall temperature Tw,z as T ∗

z = (Tz,r=0−Tw,z)/(Tin−Tw,z). Figures
4.4A, B show this dimensionless axial temperature profile at different superficial mass
velocities, for the beds of Raschig ring and metal foam, respectively. It can be seen that
the logarithmic temperature profile is almost linear over the bed height, which indicates
little entry bed length effect [36] and an early onset of a developed temperature profile.
The presence of the pre-cooling section and the flow equalizer (see Figure 4.1A) supports
the thermal profile development before flow enters the packed bed. In general, the
slope of the temperature profile decreases while G increases. Due to the increased fluid
residence time, more heat is exchanged between the hot gas and the coolant for both the
Raschig ring and metal foam beds. A comparison of overall thermal performance between
Raschig ring and metal foam is depicted in Figure 4.4C, in terms of effectiveness η, via
Equation (4.17). The trend is the decrease in effectiveness as the flow rate increases. It
is interesting to notice that the effectiveness of the Raschig ring and the metal foam
bed is very close at the lower mass velocity. However, the difference enlarges while the
mass velocity increases. At maximum G ≈ 4.18 kgm−2s−1, the effectiveness of the metal
foam bed drops to 45%, whereas the Raschig ring bed delivers 75%. The heat transport
processes in the interior of a packed bed are strongly dependent on mass flow rate, as a
switch in the primary role occurs between the fundamental heat transfer mechanisms,
as per Equations (4.13)(4.14). At lower gas flow rates, the thermal conduction is the
major heat transfer mechanism, whereas a convective type stimulated by the lateral
mixing of fluid in the bed interstitial spaces regulates the thermal transport at higher
flow rates [35]. Therefore, the particle shapes that could induce a strong fluid deflection
along the interstitial spaces with an emphasis in lateral direction provide better radial
heat transport. The ring-like shapes such as Raschig rings in a packed bed arrangement
ensure strong lateral fluid-mixing, hence, improved thermal performance at higher flow
rates. On the contrary, the highly porous cylindrical metal foam pellets create less
resistance flow paths, subsequently restraining the rise in local flow velocity and mixing
inside the bed in comparison to Raschig ring (see Sec. 4.3.3). This reveals that the shape
as well as the morphological parameters – cell size, strut diameter, and porosity – of the
metal foam pellets should be optimized to enhance the thermal performance, mainly for
the industrial process operating at higher flow rates.

Figure 4.4D shows the comparison of specific pressure drop corresponding to a bed
height of 2000 mm. It is clear that the highly porous nature of the foam particles causes
lower pressure drop compared with Raschig ring. The amount of fluid streams through
the foam pellets is dependent on the incoming flow velocity [17]. At higher velocities,
the fluid has the sufficient momentum to break the inner resistance of the foam pellets,
thereby allowing considerable intra-particle flow. At maximum G ≈ 4.18 kgm−2s−1, the
pressure drop in the metal foam bed is about 35% lower compared with the Raschig
ring bed. The reduction in pressure drop is a great advantage, as it is directly related to
the energy cost of any large-scale fixed-bed catalytic process.
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Figure 4.4: (A), (B) Dimensionless axial temperature along the normalized bed length
(Top to bottom, bed length L = 2000 mm, (z∗ = z / L) for Raschig ring and metal foam,
respectively; (C) Heat transfer effectiveness; (D) Specific pressure drop across the bed,
L = 2000 mm.

4.3.2 Validation of PRCFD
An inhomogeneous bed structure is the typical nature of a low D/dp reactor configuration.
Figures 4.5A, B show the axial and azimuthally averaged radial void fraction of the
packing structures made of Raschig ring and non-porous cylinder, respectively. The
reactor wall significantly influences the arrangement of particles, thereby inducing a
variable radial void fraction with a peak at the wall, followed by a pattern of maxima-
minima towards the bed center. The magnitude of the fluctuations from the mean value
is dominant in the cylindrical bed, whereas the inner holes in the Raschig ring dampen
the strong variations. It is also inferred that the presence of the thermowell causes an
additional wall-like effect near the bed center. A qualitative comparison of the void
fraction pattern in the numerical bed structure with the experimental data of the similar
packing configurations from literature [43, 44] but without the thermowell is also shown.
A satisfactory agreement is observed, see Figures 4.5A, B. The calculated mean bed
void fraction based on the weighing method is about 0.62 for the Raschig ring bed and
0.39 for the cylindrical bed. The simulated packing structure also agrees well with it.
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Figure 4.5: Axially and azimuthally averaged radial void fraction: (A) Raschig ring, (B)
Cylinder. Experimental data are from literature [43, 44] (Figure 4.5B does not account
the particle porosity as of the foam pellet).

The heat transfer simulations have been validated based on the temperature
measurements discussed in Sec. 4.3.1. It should be noted that a reduced bed height
of ∼650 mm was used in the CFD simulations to limit the computational costs. The
temperature data recorded by the top 6 thermocouples inside the bed,Tд4−Tд9 (see Figure
4.1A), are considered for the validation purpose. Figure 4.6A depicts the comparison
of the CFD predicted centerline temperature and experimental data in the Raschig
ring bed, over a range of 298 < Rep < 2145 and 212 < Pep < 1523. Overall, the CFD
results show good agreement with the experimental data. By a closer examination,
the deviation in the predicted temperature slightly increases as the flow rate increases,
mainly after the bed length of 400 mm; the maximum variation in temperature mounts
up to 5% at Rep ≈ 2145. Since a relatively shorter bed is used for the CFD simulations,
the temperature locations where the deviations have been observed might be affected
by the flow artefacts stemming from the closeness of the bed exit. However, the same
monitoring locations in the experiment are devoid of bed length effects, as the bed exit is
far away from these locations. Considering this slight deviation along with the inherent
uncertainties in the experiment, the unknown exact bed structure, as well as numerical
methods, the agreement between CFD results and experimental data is found to be
promising. Figure 4.6B shows the comparison of specific pressure drop between the CFD
and experiment; an excellent agreement is observed. The outcome of this validation
process confirms the ability of the PRCFD approach in predicting the heat transfer
performance and flow characteristics in the slender packed beds; the same has been
identified in other PRCFD works [30, 45, 46].

In the next step, the validated PRCFD is adapted with the closure equations presented
in Sec. 4.2.2.2 to predict the thermal performance of the metal foam pellets. Figure
4.6C shows the comparison of experimental data with CFD simulations. A very good
agreement is observed over the investigated Rep range. The maximum deviation in the
predicted temperature is about 4%, which is noticed at low Rep ≈ 370. It is worthwhile
to recall that the primary heat transfer mechanism at higher flow rates is of convective
type, which is the case here in most of the operating conditions. Therefore, the influence
of the sub-model that has been employed to define the effective thermal conductivity

55



4. Radial heat transport in a fixed-bed reactor made of metallic foam pellets:
Experiment and Particle-resolved Computational Fluid Dynamics

inside the foam pellets, Equation (4.6), is more perceptible at low Rep. Additionally, the
closeness of the bed exit also affects the adjacent data points likewise in the simulation
of Raschig rings. As depicted in Figure 4.6D, the pressure drop comparison between
PRCFD and experimental data shows an excellent agreement.

Since the deviations in the predicted temperature are within the acceptable limit,
the proposed PRCFD approach is encouraging to analyze the thermal performance
of fixed-beds made of foam pellets. Notice that this does not rely on heat transfer
correlations and can thus be used for different pellet shapes as well.

Figure 4.6: Comparison of axial temperature profile: (A) Raschig ring and (C) Metal
foam; Pressure drop comparison: (B) Raschig ring and (D) Metal foam.

4.3.3 Analysis of local flow and temperature fields by PRCFD
PRCFD simulations can provide a detailed insight into the transport variables which are
difficult to analyze experimentally. Figures 4.7A, B depict the contour plots of specific
axial velocity, that is, axial velocity normalized by the superficial velocity vs ≈ 3.3 ms−1,
along the sectional planes deep in the beds of Raschig ring and metal foam, respectively.
The variations in the bed void fraction cause fluctuations in local flow velocities in the
interstitial spaces. The near-wall regions – reactor wall and thermowell – are subjected
to flow channeling due to the higher local voids. In general, the flow field in the Raschig
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ring bed seems to be more intense compared with metal foam. In a random packing
composed of Raschig rings, the way the inner holes are aligned with respect to the
flow direction is an important parameter influencing the flow characteristics. The inner
holes allow fluid flow when parallel to the flow direction, whereas they obstruct the
flow whilst oriented perpendicular to the incoming flow, subsequently inducing fluid
deflection around the particles, and local eddies to a great extent. These flow artefacts
cause higher pressure drop in the Raschig ring bed than expected [17, 47]. On the other
hand, this flow behavior is beneficial for the radial heat transport, as it enhances lateral
mixing which is the primary mechanism that stimulates the thermal performance at
higher flow rates. In the case of metal foam bed, the highly porous particles provide an
additional but less resistive flow path through them, which impedes the localized rise in
velocity and flow deflection around the particles in comparison with solid particles.

Figure 4.7: Normalized axial velocity contours at superficial velocity of 3.3 ms−1: (A)
Raschig ring and (B) Metal foam; Probability density (PD) of the normalized tangential
velocity in the bed segment 5 ≤ z / dp ≤ 50: (C) Raschig ring and (D) Metal foam (top
plot for intra-particle velocity and bottom plot for inter-particle velocity).
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For a better understanding of the complex flow field, probability density (PD) of the
interstitial velocity is computed from the bed segment, 5 ≤ z / dp ≤ 50. The tangential
component of the flow velocity has been chosen since it is directly linked to the radial
transport. Figure 4.7C shows the distribution of the normalized tangential velocity in
the Raschig ring bed. The long tail indicates a large variance in the velocity magnitude
along the bed interstitial spaces. The proportional change in the velocity field is almost
similar, upon comparing at low Rep ≈ 298 and about a five-fold increased Rep ≈ 1456. In
fact, the flow field dependency on Rep in the metal foam bed is far more different than
the solid pellets due to the bi-directional flow path – through the foam pellets (intra-
particle) and through the bed voids (inter-particle). Figure 4.7D depicts the probability
distribution of inter-particle and intra-particle velocity distributions. The variance of the
velocity distribution decreases as Rep increases. Interestingly, the inter-particle velocity
distribution at lower Rep behaves similarly to Raschig ring. The contributing forces
towards the flow resistance inside the foam pellets – inertia and viscous forces – are
dependent on flow velocity, via Equation (4.1). Hence, the amount of flow through
the foam pellets, as well as deflection and detachment of flow around the pellets, is
dependent on the present flow regime. At higher flow rates, the foam pellets are exposed
to more internal flow, subsequently calming the flow along the interstitial spaces. This
flow behavior favors in lowering the pressure drop (see Figure 4.4D), whereas inhibits
the intensity of lateral mixing in the bed interstitial spaces.

The contour plots of dimensionless temperature distribution are shown in Figures
4.8A, B for the Raschig ring and metal foam beds, respectively. It is revealed that, for
the same mass velocity, G ≈ 2.79 kgm−2s−1, the heat transfer rate is larger in the Raschig
ring bed compared with metal foam. As already mentioned, the intense later mixing in
the Raschig ring bed enhances the radial heat transfer at higher flow rates, via Equation
(4.13). An important characteristic of the radial heat transport in a fixed-bed reactor
is the high resistance to heat transfer near the wall, usually termed as wall resistance
and reflected in the wall-fluid Nusselt number (see Sec. 4.3.4). Figures 4.8C, D show the
azimuthally averaged radial temperature profile at z/dp ≈ 40, normalized by the wall
temperature, for the beds of Raschig ring and metal foam, respectively. A sudden jump
in temperature near the wall is indicating a large wall heat transfer resistance. Moreover,
the magnitude of this temperature jump is dependent on Rep as the steepness increases
with the increase in mass flow rate. This indicates, for the case of very low Rep, there is
less distinction between the center and wall regions, since the heat transfer takes place
mainly by thermal conduction in major parts of the bed [37]. The local maxima and
minima at the radial locations are also plotted in Figures 4.8C, D as upper and lower
limits. As seen in the velocity field, the local temperature is also dependent on the bed
inhomogeneity. The maximum fluctuation of about ±7% is observed very near the wall,
and at the bed center the spread is minimal. This variation in local temperature with
respect to the mean value has also been reported in ref. [48].
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Figure 4.8: Contour plots of dimensionless temperature: (A) Raschig ring and (B) Metal
foam; Azimuthally averaged radial temperature profile at z / dp ≈ 40: (C) Raschig ring
and (D) Metal foam. Upper and lower limits indicate the local maxima and minima at
corresponding radial locations. Note that, wall temperature Twall < bed temperature Tbed .

4.3.4 Heat transport parameters
The heat transfer through the packed bed must be understood in order to design a
reactor configuration that can be efficiently cooled or heated, since ensuring a proper bed
temperature level is critical for the catalytic reaction. Such an optimized reactor design
could increase the yield as well as decrease the running cost. The 2D quasi-homogenous
model (see Sec. 4.2.3) is commonly used to predict the radial heat transport, which rely
on heat transport parameters such as effective radial conductivity Λer and apparent wall-
fluid heat transport coefficient αw. Therefore, a proper estimation of these parameters is
useful for the design of reactors.

The effective heat transport parameters can be derived from the 2D quasi-homogenous
model as a reverse problem, when the temperature field is known. Many methods have
been presented in literature to estimate Λer and αw from steady-state temperature
measurements [38, 49]. The simplest approach is the least square fitting, in which the
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centerline or the radial temperature profile predicted by Equations (4.11),(4.12) is fitted
towards the measured temperature by considering Λer and αw as the fitting parameters.
In this study, the averaged radial temperature profile from the PRCFD simulation at a
bed depth of z / dp ≈ 40 is used as the reference data for fitting; likewise other recent
works [33, 50]. The reason to choose a bed depth of z /dp ≈ 40 is to avoid the bed length
effect in the quantification of transport parameters (see Supplementary Information).
The reliability of 2D pseudo-homogeneous model should not be further questioned here,
as the main objective is to carry out a performance comparison between the Raschig
ring and the metal foam with the aid of effective thermal quantities.

The ratio of effective radial thermal conductivity Λer to fluid thermal conductivity
λ f is plotted as a function of Rep in Figures 4.9A, B for the beds of Raschig ring and
metal foam, respectively. Theoretically, Λer is defined as an effective combination of
the stagnant bed conductivity and the convective contribution. Hence, Λer increases
proportionally to the rise in gas velocity. It is inferred that the effective radial thermal
conductivity of the Raschig ring bed is higher than that of the cylindrical metal foam
by a factor of about 1.5 at low Rep while at higher Rep by about 3.5. As explained in
Sec. 4.3.3, the lateral fluid mixing is dominant in the Raschig ring bed, which enhances
the convective contribution in the bed interior. The estimated values for the Raschig
ring bed are also compared with the predictions by Equation (4.13), which is based
on the correlation from Zehner-Bauer-Schlünder (ZBS) [40, 41], and the agreement is
satisfactory. The deviation is mainly due to the uncertainty in estimating the limiting
value Kr in Equation (4.13) (see Sec. 4.2.3), since a large scattering in the value of this
parameter can be seen in the literature [37]. Most of the literature correlations for Λer
in the packed beds have been presented in a general form as Λer / λ f = a

′
+ b

′
RepPr

n ,
where a

′, b ′ and n are experimental constants, with n = 0 or 1, as Prandtl number Pr is
approximately constant for most gases over a broad range of temperature and pressure
[49]. In this category, Demirel et al. [51] have presented Λer / λ f = 2.894 + 0.068Rep for
polyvinylchloride Raschig ring bed with 5.6 < D /dp < 6.6. As illustrated in Figure 4.9A,
the proposed correlation shows a reasonable agreement with this work. The observed
Λer data of the cylindrical metallic foam packed bed can be well correlated (see Figure
4.9B) as:

Λer/λ f = 5.0 + 0.1Re0.787
p (4.18)

The peculiar nature of a foam packed bed is the strong convective flow through
the foam particles, and its magnitude is proportional to mass flow rate, see [17]. At
higher flow rates, Λer is regulated by the lateral fluid mixing; represented by the second
summand term in Equation (4.18). In conventional packed beds, the fluid mixing occurs
at the particle scale, whereas in foam packed beds strut level mixing, that is, inside the
particles, also happens along with the mixing in interstitial spaces. These multi-flow
pathways are a possible reason for the non-linear dependency of Λer on Rep, in contrast
to packed bed made of solid particles.
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Figure 4.9: (A, B) Ratio of effective radial thermal conductivity to fluid conductivity
for Raschig ring and metal foam, respectively (ZBS – Zehner-Bauer-Schlünder correlation
[40, 41], Demirel et al. [51]); (C, D) Wall-fluid Nusselt number for Raschig ring and metal
foam, respectively (MN is Martin and Nilles correlation [52]); (E, F) Wall Biot number for
Raschig ring and metal foam, respectively (Dixon (1988) [53]).
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Figures 4.9C, D depict the wall-fluid Nusselt number Nuw , calculated based on the
derived apparent wall-fluid heat transfer coefficient αw. It is evident that the difference in
apparent wall-fluid heat transfer coefficients between Raschig ring and metal foam is not
significant, which indicates the resemblance in thermal characteristics near the reactor
wall, see Figures 4.8C, D. In the case of slender packed beds, D/dp < 10, the resistance
to heat transfer near the wall is mainly due to the unmixed fluid-sublayer channeled
through the high void region in the immediate vicinity of the wall, see Figure 4.5. This
channeling effect is little disturbed even in changing the particle from Raschig ring to
cylindrical metal foam. The comparison of estimated Nuw values for the Raschig ring
with Martin and Nilles correlation (MN) [52] – Equation (4.19), shows good agreement.

Nuw =
[
1.3 + 5(D/dp,v)

]
(λbed/λ f ) + 0.19Re0.75

p Pr0.33 (4.19)
The MN correlation, Equation (4.19), is also used to predict Nuw for the foam packed

bed, where the stagnant bed conductivity λbed/λ f is computed based on effective foam
stagnant conductivity [28] in ZBS correlation [40, 41]. As seen in Figure 4.9D, the MN
correlation shows good agreement for lower Rep < 1000, afterwards overpredicts. As
stated before, the difference in flow characteristics between a foam packed bed and
its solid or non-porous counterpart is more distinguishable at higher Rep due to the
convective flow through the foam particles. The correlations developed based on solid
particles could not capture the entire flow behavior in a foam packed bed. The observed
Nuw data of the cylindrical metallic foam packed bed can be well-fitted with:

Nuw = 2.12Re0.414
p (4.20)

Figures 4.9E, F show the wall Biot number Biw , which indicates the ratio of resistance
to heat transfer in the bed interior to the resistance near the wall. The particle shapes
like Raschig ring promote lateral mixing, thereby offering less heat transport resistance
in the bed interior, whereas flow channeling causes relatively high resistance near the
wall. The estimated Biw for the Raschig ring bed is also compared with the data reported
in the literature [53], and a good agreement is observed, see Figure 4.9E. The calculated
Biw values for the beds of Raschig ring and metal foam can be predicted by Equations
(4.21) and (4.22), respectively.

Biw = 15.05Re−0.32
p for Raschig rings (4.21)

Biw = 15.05Re−0.205
p for metal foam pellets (4.22)

For practical purposes, it is interesting to know the overall heat transfer coefficient
and its dependency towards the process variables. The overall heat transfer coefficients
are calculated according to Equations (4.16), (4.17), see Sec. 4.2.3. Figure 4.10A depicts
the comparison of U between Raschig ring and metal foam beds with respect to Rep . At
low Rep ≈ 250, the overall heat transfer coefficients are comparable, whereas the Raschig
ring bed provides higher as Rep increases. At Rep ≈ 2500, the variation is widened by a
factor of two. The computed values can be predicted by Equations (4.23) and (4.24) for
the Raschig ring and metal foam beds, respectively.

Udp,v/λ f = 0.163Re0.736
p for Raschig rings (4.23)

Udp,v/λ f = 0.586Re0.486
p for metal foam pellets (4.24)
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Figure 4.10: (A) and (B) Overall heat transfer coefficient with respect to particle Reynolds
number and specific pressure drop, respectively.

Figure 4.10B shows the comparison of U with respect to specific pressure drop. A
performance comparison based on the processing parameters like pressure drop is also
worthy, as it is linked to the overall energy costs. The highly porous foam pellets provide
lower pressure drop (see Figure 4.4D), thereby permitting to accommodate higher mass
flow than the Raschig ring bed with the expense of same pressure drop. Table 4.3
summarizes the derived heat transfer correlations for the metallic foam pellets in the
packed bed corresponding to the experimental conditions: 270 < Rep < 2700, D/dp = 6.9,
Pr ∼ 0.7. The applicability of these correlations in varying gas properties and gas types
has been verified, and the results are encouraging (see Supplementary Information).
From the analysis of heat transport parameters, it can be concluded that the shape and
structural properties – cell size and porosity – should be optimized in such a way to
enhance the lateral mixing of fluid in the bed interior, so that the foam pellets could
yield improved heat transfer performance even at higher flow rates. On the other hand,
the foam pellets provide higher surface area, which is beneficial for catalytic actions.

Table 4.3: Heat transfer correlations for cylindrical metallic foam (ε = 87%, ϕ =1200 µm)
packed bed, experimental conditions: 270 < Rep < 2700, D/dp = 6.9, Pr ∼ 0.7.

Effective radial thermal conductivity Λer/λ f = 5.0 + 0.1Re0.787
p

Wall-fluid Nusselt number Nuw = 2.12Re0.414
p

Wall Biot number Biw = 15.05Re−0.205
p

Overall heat transfer coefficient Udp,v/λ f = 0.586Re0.486
p

A qualitative comparison is carried out in terms of a Performance Index (PI ) defined
as: PI = Σ

NObj
i=1 WiSi

Obji
Normi

, where: NObj is the number of objectives,Wi is the weight assigned
to i-th objective, Si is the sign for the i-th objective with a value of -1 for minimizing
and +1 for maximizing, Obji is the response value for the i-th objective, Normi is the
normalization parameter. Here, the objectives are minimum pressure drop, maximum
heat transfer coefficient and high specific surface area of the particle. The normalization
of each objective functions is carried out by corresponding values for a sphere packing
with same particle diameter dp = 10 mm, taken from literature correlations [54, 55]. It
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should be noted that, only the external surface area is considered for calculating the
specific surface area of the ceramic Raschig ring, however, in a real catalyst particle,
the surface area might be higher due to micro pores. The surface area of foam pellet is
about 4320 m−1 as provided by the pellet supplier. Figure 4.11 shows the comparison of
PI between Raschig ring and metal foam pellet (see Supplementary information for the
corresponding values of each objectives). By considering equal weightage to pressure
drop, heat transfer coefficient and surface area, the foam pellets show advantage due to
very high surface area and lower pressure drop. At the same time, an adequate supply
or removal of heat from the reactor wall to the bed interior is important to maintain
an appropriate level of bed temperature for the effective catalytic reactions. Therefore,
foam pellets should be optimized to achieve a reasonable trade-off between pressure
drop, heat transfer efficiency and surface area.

Figure 4.11: Performance comparison of Raschig ring and metal foam pellet.

4.4 Conclusion
An extended version of the particle-resolved CFD was used to study the heat transfer
characteristics of a slender packed bed made of open-cell metallic foam pellets. The
transport quantities along the bed interstitial spaces were fully resolved, whereas
the cellular foam structure at individual pellet level was considered as porous-media.
Accordingly, the momentum equation inside the foam pellets possesses a sink term for
the pressure loss, and an effective thermal conductivity term accounts for the internal
heat transport. The corresponding closure equations were formulated based on the foam
structural parameters such as cell size, strut diameter, and porosity. The random packing
geometry was generated with the animation software Blender and validated against
experimental bed void fraction data.

An experimental study was also carried out to examine the steady-state heat transfer
behavior of a hot gas flowing through the packed bed under wall-cooled conditions.
The axial centerline bed temperature and pressure drop were measured in the packed
beds made of ceramic Raschig rings and metallic foam pellets for different operating
conditions, 270 < Rep < 2700. In comparison with experimental data, the PRCFD results
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show good predictability of the temperature profile as well as pressure drop. The radial
temperature profiles extracted from the validated PRCFD simulations were used to
quantify the effective radial thermal conductivity Λer, and the apparent wall-fluid heat
transfer coefficient αw. Additionally, the calculated effective heat transfer parameters
were fitted as a function of Rep to formulate simplified correlations.

By comparing the flow and heat transfer characteristics of Raschig rings with metal
foam pellets:

• Internal flow through the metallic foam pellets causes significant reduction in
pressure drop, mainly at higher mass flow rates, the reduction is about 35% at
Rep ∼ 2700.

• Heat transfer efficiency of the cylindrical foam pellets is comparable to Raschig
rings at very low flow rates, Rep ≤ 270, where the conductive mode of heat transport
is dominant.

• Cylindrical foam pellet underperforms at higher flow velocities, where the
convective heat transfer mechanism plays a major role.

• The intensity of later mixing of the fluid in void spaces is higher in the Raschig
ring bed, which intensifies the convective heat transfer.

• The shape of foam pellets as well as its morphological parameters should be
modified to enhance the fluid-mixing on a particle scale.

• A global performance evaluation, i.e., considering equal importance to pressure
drop, heat transfer coefficient and particle specific surface area, the foam pellets
show advantage due to their high surface area and lower pressure drop.

In a future work, the proposed general CFD model will be used to explore different
foam shapes and foam properties that could yield intensified thermal performance at
higher mass flow operating conditions. Also, upgrading this CFD model to analyze mass
transfer will be beneficial for a thorough evaluation of catalytic foam pellet designs. To
generalize the suggested heat transfer correlations for different foam particle shapes,
tube-particle configurations and operating conditions, further studies are recommended.
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5
Influence of foam morphology on flow

and heat transport in a random packed
bed with metallic foam pellets—An

investigation using CFD

Abstract
Open-cell metallic foams used as catalyst supports exhibit excellent transport properties.
In this work, a unique application of metallic foam, as pelletized catalyst in a packed
bed reactor, is examined. By using a wall-segment Computational Fluid Dynamics
(CFD) setup, parametric analyses are carried out to investigate the influence of
foam morphologies (cell size ϕ = 0.45 − 3 mm and porosity ε = 0.55 − 0.95) and
intrinsic conductivity on flow and heat transport characteristics in a slender packed bed(
N = D/dp = 6.78

)
made of cylindrical metallic foam pellets. The transport processes

have been modeled using an extended version of conventional particle-resolved CFD, i.e.,
flow and energy in inter-particle spaces are fully resolved, whereas porous-media model
is used for the effective transport processes inside highly-porous foam pellets. Simulation
inputs include the processing parameters relevant to Steam Methane Reforming (SMR),
analyzed for low

(
Rep ∼ 100

)
and high

(
Rep ∼ 5000

)
flow regimes. The effect of foam

morphologies on packed beds has shown that the desired requirements contradict each
other, i.e., increase in cell size and porosity favor the reduction in pressure drop, but
it reduces the heat transfer efficiency. A design study is also conducted to find the
optimum foam morphology of a cylindrical foam pellet at higher (Rep ∼ 5000), which
yields ϕ = 0.45, ε = 0.8. Suitable correlations to predict the friction factor and the overall
heat transfer coefficient in a foam packed bed have been presented, which consider
the effect of different foam morphologies over a range of particle Reynolds number,
100 ≤ Rep ≤ 5000.
Keywords: metallic foam; CFD; fixed-bed reactor; friction factor; heat transfer
coefficient

This chapter is reprint of publication: George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle
A, Lindermeir A, Wehinger GD. Influence of Foam Morphology on Flow and Heat Transport in a Random
Packed Bed with Metallic Foam Pellets-An Investigation Using CFD. Materials. 2022;15(11):3754.
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5. Influence of foam morphology on flow and heat transport in a random packed
bed with metallic foam pellets—An investigation using CFD

5.1 Introduction
Open-cell metallic foams are regarded as a versatile engineering material, as they can be
used in various applications including heat exchangers, energy absorbers, filters, porous
electrodes, fluid mixers and so on [1–3]. Their unique properties, such as high porosity
(75–95%), high surface area (up to 10.000 m2/m3), high intrinsic solid conductivity, and
rigorous surface texture, have made them an excellent choice for catalyst supports [4]. As
a structured catalyst support, foam monoliths have been shown to have high heat and
mass transfer capabilities [5, 6]. This motivates the development of pelletized metallic
foams [7] for the application in fixed-bed catalytic processes, to create random packed
beds as shown in Figure 5.1. Having a high mechanical strength allows the metallic
foam pellets to load and unload easily into multi-tubular reactors of more than 8 m in
length without breaking. Furthermore, an innovative powder metallurgical process has
been identified for the production of alloyed foam pellets (e.g. NiCrAl, FeCrAl) which
could maintain structural stability even at medium-high temperature (up to 1000 °C)
[8]. It is believed that metallic foams in pellet shape are a breakthrough in catalyst
substrates, since the conventional ceramic catalyst pellets are unable to meet the entire
design requirements of a fixed-bed reactor such as lower pressure drop and high heat
transfer [9].

Figure 5.1: Metallic foam pellets – different size and morphology: cell size (ϕ) and porosity
(ε).

Slender packed bed reactors
(
D/dp ≤ 10

)
are the preferred reactor type for an efficient

removal or addition of heat, i.e., for highly exothermic or endothermic catalytic reactions.
They have complex transport characteristics due to local bed structure effects [10],
different flow regimes and their interaction between different heat transfer mechanisms
[11]. In addition to shape and size, the pelletized foams offer extra design flexibility due
to their morphologies, especially cell size and porosity, as shown in Figure 5.1. Thus, from
a manufacturing perspective, it is imperative to find out the optimal foam morphology,
as well as shape and size in terms of their transport behavior, prior to producing foam
pellets in large quantities. Several experimental [12, 13] and numerical studies [14–16]
have been reported for foam monoliths or structural types; however, literature for the
pelletized metallic foam in randomly packed beds is scarce. Kolaczkowski et al. [17]
have carried out experiments in a slender packed bed made of cubic foam pellets to
investigate the pressure drop and thermal performance. Their experiment showed a
significant reduction in pressure drop in comparison to one-hole ceramic pellets, while
the heat transfer performance was comparable; they recommended to explore different
shapes and morphologies. It is indeed time-consuming and expensive to rely solely
on experimental studies, especially while exploring an expansive design space: foam
shapes, sizes, morphological parameters, and operating conditions relevant to a particular
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chemical process. A reliable simulation tool is needed to support and accelerate the
development of pelletized foams.

To simulate the transport processes in slender packed beds, Particle-resolved
Computational Fluid Dynamics (PRCFD) has been extensively used, which takes
into account the actual packed bed geometry, thereby solving the flow along interstitial
voids [18, 19] . However, applying such a detailed PRCFD approach in a foam packed
bed is computationally intensive, when resolving flow through the fine inner geometries
of foam pellets, i.e., on the strut level. In prior works [20, 21], we have introduced
a modified version of PRCFD, in which the foam pellets are considered as porous
media and appropriate closure equations are used to account for the pressure loss and
energy transport inside the pellets, i.e., flow along inter-particle spaces are considered
as they are, whereas inner foam geometric features are not physically resolved. The
Rigid Body dynamics (RBD) method was used to generate the packing structure. The
CFD model has been validated with experimental data for pressure drop and axial bed
temperature, with excellent agreement [20, 21]. Although the proposed PRCFD workflow
can reduce the computation effort relatively, it is not very efficient for simulations like
parametric analysis, since it takes from several hours to days for a bed containing more
than 1000 particles (computed by 1 CPU - intel Core i7-8700K). For such simulation
purposes, a wall-segment model with shorter bed geometry is used within the PRCFD
framework. Dixon et al. [22] have used a 120° pellets containing wall-segment CFD setup
to investigate flow, temperature distribution and reaction. They analyzed the influence
of different hole numbers on a cylinder particle and concluded that a six-hole cylinder
allows for better temperature distribution and reaction in SMR processing conditions.
Wehinger et al. [23] have used a 45° sliced bed segment composed of spherical particles
to model Dry Reforming of Methane (DRM) over nickel catalyst, with microkinetics
describing the surface reactions. The CFD simulation without chemical reaction was able
to produce the same axial bed temperature profile that was observed experimentally,
whereas the original microkinetics formulation had to be modified to match with DRM
experimental data due to thermodynamic inconsistencies in the used kinetics model.
The results of these previous studies are encouraging to use wall-segment PRCFD.

In this work, a wall-segment PRCFD setup realized with a 90° sliced bed geometry
is used to investigate the influence of foam morphologies—cell size and porosity—on
flow and heat transfer within a packed bed made of cylindrical foam pellets. The
PRCFD modeling strategy used here is the same one that was developed for a full-bed
structure, i.e., porous media at the individual foam pellet level. The effect of foam
thermal conductivity on radial heat transport is also analyzed. The simulation is carried
out for the processing conditions relevant to SMR on an industrial scale. A design study
is also carried out to find the optimum foam pellet morphology. By using CFD data,
suitable correlations have been derived for the friction factor and the heat transfer
coefficient of a foam packed bed, accounting for different foam morphologies and particle
Reynolds number.
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5.2 Materials and Methods

5.2.1 Study configuration
A slender tubular packed bed

(
D/dp = 6.78

)
composed of cylindrical alloyed foam pellets,

NiCrAl (71% Ni, 19% Cr, 10% Al), was considered. Table 1 provides important properties
of the foam pellet. The flow regimes in the packed bed were defined by particle Reynolds
number Rep = ρvsdp,v/µ, where ρ is the density, vs is the superficial velocity and µ
is the dynamic viscosity of the fluid medium. The diameter of a sphere of equivalent
volume dp,v =

(
6Vp/π

)1/3 was chosen as the characteristic length, with Vp = π/4d2
ph as

the apparent particle volume, i.e., inner porosity ε of the foam pellet was not considered.
Here, dp and h are the diameter and the height of the pellet.

Table 5.1: Basic properties of foam pellet.

Pellet dp,v [mm] N 1 = D/dp ϕ [mm] ε λp
2 [

Wm−1K−1
]

Cp

[
Jkg−1K−1] ρp

3 [
kgm−3]

11.45 6.78 1.2 ± 0.12 0.90 ± 0.02 0.19 ± 0.003 580 650

1tube-to-particle diameter ratio, D = 67.8 mm
2effective stagnant conductivity at room temperature
3apparentdensity

To analyze the influence of foam morphologies on flow and heat transfer within
metallic foam packed bed, the bed friction factor f ∗ and the overall heat transfer
coefficient U were calculated according to Equations (5.1)–(5.4), for different cases:
(1) Varying cell sizes ϕ (0.45–3 mm) at constant porosity; (2) Changing porosities ε
(0.55–0.95) keeping same ϕ; (3) different intrinsic foam conductivities at constant ϕ
and ε. As a base case, ϕ = 1.2 mm and ε = 0.9 was chosen. Moreover, each case was
analyzed for Rep ∼ 100 and Rep ∼ 5000, since the effect of foam morphology on transport
processes is also dependent on flow regimes. It should be noted that the basic bed
structural properties such as mean interstitial bed voidage and particle orientation are
kept constant for all the cases.

The friction factor f ∗ is given by:

f ∗ =
∆P

L

dp,v

ρv2
s

ξ 3

1 − ξ (5.1)

where: ∆P/L is the specific pressure drop along a bed height L, ξ is mean interstitial
bed voidage without considering the porosity of foam pellets.

The overall heat transfer coefficient U can be defined as:

U =
Q

A′∆TLM
(5.2)

Here, Q is the total heat transfer rate, A′ is the area available for heat transfer, and
∆TLM is the logarithmic mean temperature difference, computed as per Equation (5.3)
for a constant wall temperature Tw with mixed mean fluid temperatures at the inlet Tin
and the outlet Tout [24].

∆TLM = (Tout −Tin ) /log ((Tw −Tin ) /(Tw −Tout )) (5.3)
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Equation (5.2) can be normalized by combining with dp,v and fluid conductivity λ f :

U ∗ =
Udp,v

λ f
(5.4)

5.2.2 Particle-resolved CFD
5.2.2.1 Packed bed geometry

The bed geometry was created by the open-source software Blender, in which the physical
effects occurring while pouring catalyst pellets into a reactor tube can be simulated by
the Rigid Body Dynamics (RBD) approach supported by the Bullet physics library [25].
The application of Blender in packing generation has been discussed in many recent
works [26–28]. In a previous work [20], we have verified the impact of RBD parameters
such as friction factor and restitution coefficient as well as different catalyst loading
methods on the generated packing structures. Blender settings identified as suitable
for creating a packing of cylindrical particles were used in this study. As illustrated
in Figure 5.2a, the particles aligned in a random array, fell freely into the container,
and settled to form a random packed bed. For the wall-segment CFD set-up, a 90° bed
sector with a height of about 70 mm was sliced from the full bed, see Figure 5.2a.

Figure 5.2: (a) Random bed generation and 90° segmented bed; (b) Averaged radial void
fraction (Here, the particle inner porosity is not considered).

The slender packed beds, D/dp ≤ 10, exhibit a significant variation in radial void
fraction due to the influence of reactor wall, which strongly affects the transport
characteristics. Figure 5.2b shows the comparison of azimuthally averaged radial voidage
between 90° bed segment and the full bed. The agreement is good, except for slight
differences in the first peak and towards the bed center. These variations can be expected
in such a short bed segment. The mean squared error between the void fraction profiles
is about 0.16%, indicating that the bed segment is sufficient to reproduce the transport
behavior of a full bed with a reasonable accuracy.

5.2.2.2 Model equations

The conservation equations for mass, momentum, energy, and species transport were
considered in a three-dimensional domain for the laminar

(
Rep ∼ 100

)
and turbulent
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Rep ∼ 5000

)
flows, the latter using Reynolds averaged Navier-Stokes (RANS) approach.

The turbulence was modeled by Realizable K-epsilon with Two-layer All y+ wall treatment
[29], which is preferred for PRCFD simulations [18]. The governing equations over a
finite volume at steady-state are briefly reviewed here; a detailed description can be
found elsewhere [30].

Continuity equation: ∮
A
ρv · da =

∫
V
SudV (5.5)

where: v is the velocity, a is the area vector, Su is source term, V is volume.
Momentum equation:∮

A
ρv ⊗ v · da = −

∮
A
pI · da +

∮
A

T · da +
∫
V

fbdV +
∫
V

sudV (5.6)

where: ⊗ denotes the outer product, p is pressure, T is the viscous stress tensor, I is the
Identity tensor, fb is the resultant of body forces.

Energy equation:∮
A
ρHv · da = −

∮
A
Ûq′′ · da            

Conduction

+

∮
A

T · vda            
Viscous Work

+

∫
V

fb · vdV +
∫
V
SudV (5.7)

where: H is total enthalpy, Ûq′′ is the heat flux vector.
The viscous stress tensor for a Newtonian fluid is given by T = 2µD− 2

3µ(∇·v)I, where µ
is the dynamic viscosity of the fluid and the rate of deformation tensor D = 1

2
(
∇v + (∇v)T

)
.

The local heat flux in terms of thermal conductivity λ and temperature gradient ∇T is
Ûq′′ = −λ∇T . The energy transfer across the contact interface between different mediums
was modeled by conjugate heat transfer approach [31].

Species transport:
For a multi-component gas mixture, the transport equation for a component species

i is given by: ∮
A
[ρYi (v)] · da =

∮
A

Ji · da +
∫
V
SYidV (5.8)

where, Yi =mi⁄m is the mass fraction of species i, with mass mi and total mixture mass
m. The molecular diffusive flux Ji based on mixture-average formulation is:

Ji = −ρ Yi
Xi

DM
i ∇Xi (5.9)

The effective diffusion coefficient DM
i of the species i with other mixture components

is given by:
DM
i =

1 − Yi∑NG
j,i X j/Dij

for i = 1, . . . ,NG (5.10)

where: Ng is the number of species, Xi is the molar fraction given by Equation (5.11)
with molecular weight Mi .

Xi =
1∑Ng

j=1
Yj
Mj

Yi
Mi

(5.11)

For modeling turbulent flow by the RANS approach, the scalar quantities in the
above mentioned equations are decomposed into a time-averaged value and a fluctuating
component. A general scalar transport Θ as per RANS approach is represented as:

Θ (xi , t) = Θ̄ (xi) + Θ′ (xi , t) (5.12)
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∇ · (ρvΘ̄) = ∇ · (Γ∇Θ + Γt∇Θ) (5.13)
where: Θ̄ is the time-averaged and Θ′ is the fluctuating component; Γ is the general
diffusion coefficient and Γt is the turbulent diffusion coefficient. The turbulence modelling
is an elaborative topic and has been explained in many fundamental books [32].

Coupling intra-particle transport processes with surrounding fluid: The critical part
in modeling a foam packed bed is to reliably define the transport processes inside the
porous foam pellets. By using porous-media approach at individual foam pellet level, a
workflow that requires relatively less computation effort has been developed, see [20, 21].
Thus, the fine inner structures were not spatially resolved; rather closure equations were
used to account for the pressure loss and the effective thermal conductivity of foam
pellets.

The momentum loss inside the pellets was considered by the Lacroix correlation
[33] which is a modified form of classical Ergun equation [34]. By cubic-cell geometric
similarity, the equivalent particle diameter term in the original Ergun equation is re-
formulated according to foam structural parameters such as porosity ε, cell size ϕ, pore
diameter a, and strut diameter ds , see Equations (5.14),(5.15). The pore diameter is
approximated from the cell size as a = ϕ/2.3, see details of the derivation in [33]. The
viscous and inertial terms in Equation (5.14) consists of Ergun constants A = 150 and
B = 1.75.

∇p
L
= A (1 − ε)2µ

ε3 (1.5ds)2
vs + B (1 − ε)ρ

ε3 (1.5ds)
v2
s (5.14)

ds =
a
[ ( 4

3π
)
(1 − ε)

] 1
2

1 − a
[ ( 4

3π
)
(1 − ε)

] 1
2

(5.15)

The Lacroix correlation is primarily formulated for a monolith-type of foam
arrangement within a reactor tube, in which the entire flow path passes through the
foam structure. In a random packed bed setup, however, flow occurs through the foam
pellets as well as around them. In order to apply to a packed bed arrangement, the
original Lacroix equation Equation (5.14) has to be slightly modified by including a
correction term for porosity (ε′ = 0.977 · ε). This correction term has been verified by
pressure drop experiments and corresponding PRCFD simulations, see [20].

The thermal transport inside the foam pellets was modeled by the thermal-equilibrium
approach, which disregards the temperature difference between fluid and solid phases;
such an assumption simplifies the modeling effort and reduces the computational time.
The corresponding energy equation is:

∇ · (ερfluid Hfluid v) = ∇ · (λeff ∇Tfluid ) + ∇ · (εT · v) (5.16)
where: v is the physical velocity, H f luid is the total enthalpy of the fluid, ρ f luid is the
fluid density.

The effectively thermal conductivity λe f f is usually formulated by the combination
of fluid conductivity λ f luid and foam bulk conductivity λ f oam,b , weighted by the porosity.
Several models based on foam monoliths have been presented in the literature – see a
comprehensive review article by Ranut [35]. In a prior work [21], we have verified the
applicability of an effective conductivity model proposed by Schuetz and Glicksman [36]
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Equation (5.17), for the randomly packed foam bed. The comparison with experimental
data has shown a very good agreement in terms of axial bed temperature, see [21].

λe f f ,SG = ελ f luid + (1 − ε)13λ f oam,b (5.17)

The bulk foam conductivity λ f oam,b for a Nickel-Chromium alloy as a function of
temperature T is given by [37]:

λfoam,b = 5.192 + 0.0192 ×T for 0◦C < T < 1200◦C (5.18)

5.2.2.3 Computational domain, Boundary conditions and solving

Figure 5.3a illustrates the numerical setup, realized with a 90° segmented bed structure
enclosed by a corresponding tube segment. Accordingly, the computational domain
consists of gas-phase and porous regions, which corresponds to inter-particle voids and
foam pellets, respectively. The meshing process was carried out by Siemens Simcenter
STAR-CCM+ software with polyhedral type of cells in the bulk region and prism-
layer cells in the solid-gas interfaces, i.e., near the reactor wall and around the pellet
peripheries, see Figure 5.3b. To ensure the mesh quality at particle-particle contact
regions, the contact modification methods presented in ref.[38, 39] were followed. The
mesh quality, mainly of thin gas phase cells between the particles, is critical for achieving
better convergence of solution variables. However, in the case of a foam packed bed,
this is not pertinent, since the possibility for a sharp boundary layer surrounding the
foam particles is very low due to intra-particle flow. The entry portion of the simulation
domain was extended with gas-phase cells to minimize the inlet effects, see Figure 5.3a.
After several consecutive mesh refinements, the cell count of about 156,000 was finalized,
upon which the solution variables have shown negligible difference with further grid
refinement.

Figure 5.3: (a) Simulation setup overview; (b) Mesh types (view on a bed cross-section).
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The boundary conditions are schematically represented in Figure 5.3a. At the inlet
to the system, Dirichlet boundary type of specified velocity, temperature and feed
compositions were imposed as listed in Table 5.2. Two different velocities of 0.032
and 1.62 ms−1 were used, which correspond to Rep ∼ 100 and ∼ 5000, respectively.
The mixture compositions and operating temperatures shown in Table 5.2 are relevant
to SMR [40]. No-slip boundary condition was assigned at the reactor wall with a
constant wall temperature of 1000 K and symmetry wall was set for the wall portions
corresponding to cut segment, see Figure 5.3a. At the reactor exit, the pressure outlet
boundary condition was used. A working pressure of 29 bar was considered, which is
typical for SMR under industrial conditions [41]. The ideal gas law was assumed to
determine the density of mixture components according to the variation in temperature
and pressure. The dynamic viscosity was based on Chapman-Enskog model, and thermal
conductivity of the gas via kinetic theory [29].

Siemens Simcenter STAR-CCM+ 15.02 was used to carry out CFD simulations, with
the finite-volume method to solve the conservation equations. The closure equations
presented in Section 5.2.2.2 were formulated within the software as field functions. The
segregated flow and energy solvers with the Algebraic Multigrid (AMG) iterative method
[29] were used to conduct steady-state simulations. An upwind differencing scheme of
second-order accuracy was used for the discretization of convective and diffusion terms.
The convergence criteria were monitored on solution variables as velocity, pressure, and
temperature at the outlet boundary and at several distinct point probes.

Table 5.2: CFD simulation inputs (pressure, temperature, feed gas from ref. [40, 41])

Inlet velocity, vs [ms−1] 0.032 and 1.62
Particle Reynolds number, Rep ∼ 100 and ∼ 5000

Feed compositions (in mole fraction):
Steam 0.7485
CH4 0.2143
CO2 0.0025
N2 0.0347

Inlet temperature, Tin [K] 800
Wall temperature, Twall [K] 1000

Total pressure [bar] 29

5.3 Results and Discussion

5.3.1 Validation with Experimental Data
It is important to make sure that the wall-segment CFD setup is reliable in capturing the
flow characteristics and heat transport similar to those of a full bed. The experimental
data and detailed simulation results from prior works [20, 21] are used for the validation.
It should be noted that the CFD simulation for the purpose is carried out according
to the experiment setup, i.e., nitrogen gas, cylindrical foam pellet system, with foam
properties: ϕ = 1.2 mm and ε = 0.9.

The bed friction factor provided by Equation (5.1) is used to evaluate the
hydrodynamic characteristics. Figure 5.4a depicts the comparison of friction factor
obtained by the wall- segment CFD simulations with experimental data measured in
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a real bed structure. A good agreement is observed over the investigated range of Rep,
and deviations are within ±10%, which is acceptable. To quantify thermal transport
behavior, the normalized overall heat transfer coefficient U ∗ is determined from the heat
transfer simulations by using Equations (5.2)–(5.4). Figure 5.4b shows the comparison
of U ∗ computed with the predicted values by a correlation, Equation (5.19), which has
been formulated based on heat transfer experiments in a foam packed bed, see [20]. The
agreement is promising, as the differences are very minimal.

U ∗ = 0.586Re0.486
p (5.19)

Figure 5.4: (a) Bed friction factor versus modified particle Reynolds number (ξ =∼ 0.40
is the mean interstitial bed voidage, experiment data from ref. [20] added with error bars
of ±10%); (b) Normalized overall heat transfer coefficient versus particle Reynolds number
(correlation is Equation (19) from ref. [21]).

The validation outcomes clearly demonstrate that the adopted wall-segment PRCFD
setup is suitable for evaluating the transport properties of metallic foam packed beds
qualitatively, with reasonable accuracy.

5.3.2 Effect of Cell Size
The influence of cell size on transport characteristics has been investigated by considering
different cell sizes between 0.45 and 3 mm at constant porosity (ε = 0.9). Figures 5a and
5b show the bed friction factor and overall heat transfer coefficient for Rep ∼ 100 and
Rep ∼ 5000, respectively. As the cell size increases, the friction factor and overall heat
transfer coefficient decrease. The reduction in pressure drop with increased cell size has
been verified even in foam monoliths [12, 33]. At Rep ∼ 100 and comparing with base
case: ϕ = 1.2 mm, the relative change in friction factor is about +34% when lowering
the cell size to 0.45 mm, whereas it is -48% upon increasing the cell size to 3 mm. The
respective values at Rep ∼ 5000 are +58% and -40%. In a similar manner, the relative
change in overall heat transfer coefficient by changing the cell size from 0.45 mm to 3
mm is +9% and -12% at Rep ∼ 100 while it is +25% and -20% at Rep ∼ 5000. It is evident
that the variation in cell size causes more noticeable effects in friction factor than that
of heat transfer coefficient. Also, the influence seems relatively higher at Rep ∼ 5000.
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Figure 5.5: (a, b) Bed friction factor (left y-axis, circle markers) and overall heat transfer
coefficient (right y-axis, triangle markers) versus cell size (ϕ) at Rep ∼ 100 and 5000,
respectively (Base case denotes, ϕ = 1.2 mm); (c) percentage of mass flow through the
foam pellets; (d) Normalized velocity contours at Rep ∼ 5000 for cell sizes 3 mm and
0.45 mm (Velocity contours are displayed along the cross-sectional plane P1, Black lines
running through the bed illustrate stream lines).

The most distinctive feature of a foam packed bed is an additional flow-path through
the highly porous foam pellets. Therefore, the transport characteristics of such packed
beds are strongly influenced by the amount of flow passing through the pellets. A
qualitative estimation of the amount of intra-particle flow is shown in Figure 5.5c, as
the percentage of total mass flow, quantified along a cross-sectional plane - P1 (see
Figure 5.5d). It is worthwhile to point out that the variations in local bed voidage and
particle orientation might cause differences in mass flow through the pellets at different
cross-sectional planes by about ±5% – more details in ref.[20]. From Figure 5.5c, it is
clear that the larger cells combined with a higher flow velocity favor the flow through
the foam pellet. For Rep ∼ 5000 and cell size 3 mm, the foam pellets convey about 45%
of the total mass flow, whereas the amount reduces to 34% when Rep ∼ 100. At higher
flow rates, the inertial force dominates the pellet’s flow resistance via Equation (5.14),
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thereby allowing increased amount of intra-particle flow. Thus, a significant reduction
in pressure drop can be achieved using larger foam cells, especially at higher flow rates.

The increased cell size, however, does not favor radial heat transport, and the negative
impact is more obvious at higher Rep ∼ 5000. When the flow rate is higher, convection
is the predominant heat transfer mechanism (see Section 5.3.4), which is enhanced by
lateral-mixing of the fluid around the particles in addition to localized turbulence. Indeed,
the internal flow conveyed by the foam pellets hinders the intensity of fluid-mixing.
Figure 5.5d shows the normalized velocity contours along a cross-sectional plane (P1)
for different cell sizes: 0.45 and 3 mm, at Rep ∼ 5000. The reduced cell size results in an
increased flow resistance at pellet level. Consequently, the flow is diverted around the
pellets with enhanced interstitial velocity. At vs = 1.62 ms−1, the localized interstitial
velocity rises by a factor of about 6 for ϕ = 0.45 mm, whereas it decreases to 3.5 for
ϕ = 3 mm. From a design perspective, it is therefore important to select an optimum
cell size that yields a balance between the pressure drop and heat transfer efficiency.

5.3.3 Effect of Porosity
The sensitivity of the pellet porosity towards transport characteristics has been examined
by varying the porosity: 0.55–0.95 and keeping cell size constant (ϕ = 1.2) mm. Figures
5.6a, b depict the bed friction factor and overall heat transfer coefficient for Rep ∼ 100
and Rep ∼ 5000, respectively. As observed for the cell size, the friction factor and the
overall heat transfer coefficient decrease with the increase in porosity. Similar trend in
the case of friction factor has been reported in ref. [42]. By reducing the porosity to 0.55
and comparing with base case ε = 0.9, the friction factor and the overall heat transfer
coefficient increases by about 31% and 27%, respectively, at Rep ∼ 100. At Rep ∼ 5000,
the corresponding values are 59% and 26%. In comparison to cell size, it can be inferred
that the change in porosity imparts greater influence in heat transport, mainly at lower
flow rate. As per Equation (5.17), the effective foam conductivity is regulated by the
porosity term in such a way that the contribution of bulk foam conductivity increases
upon lowering the porosity, which in turn increases the overall conductivity. Since the
conductive heat transfer mechanism is dominant at lower flow rates (see Section 5.3.4),
the heat transfer performance increases on such conditions at a reduced porosity.

The amount of fluid flowing through the pellets is shown in Figure 5.6c. It is revealed
that the average amount of flow through the pellets is relatively low at Rep ∼ 100, and
the peak is about 12% for ε = 0.95, whereas the internal flow increases to about 35% at
Rep ∼ 5000. Also, the amount of fluid streams through the pellets shows little variation
for porosities > 0.80 at constant Rep and cell size. According to Equation (5.14), the
porosity term holds a power-factor of 3, which indicates the strong influence of porosity
towards pellet’s flow resistance. When the flow velocity is higher, the incoming flow has
sufficient momentum to overcome the resistance induced by the pellets, consequently
increasing the intra-particle flow.

Figure 5.6d shows the scalar plot of normalized velocity along a cross-sectional plane
(P1) at Rep ∼ 5000 for porosities 0.55 and 0.95. The reduction in porosity causes increased
flow resistance inside the pellets, thereby diverting the flow around the particles, i.e.,
along the interstitial voids. This results in an increased pressure drop, yet favors the
radial heat transfer. As mentioned earlier, the lateral fluid-mixing is intensified when
flow accelerates along the interstitial voids, which in turn acts as the main driver in
transferring the heat from the reactor wall towards the bed interior, or vice versa.
Similar to the cell size, the nature of the porosity property also contrasts with design
requirements of the reactor—lower pressure drop and improved heat transfer.
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Figure 5.6: (a, b) Bed friction factor (left y-axis, circle markers) and overall heat transfer
coefficient (right y-axis, triangle markers) versus porosity (ε) at Rep ∼ 100 and 5000,
respectively (Base case denotes, ε = 0.9); (c) percentage of mass flow through the foam
pellets; (d) Normalized velocity contours at Rep ∼ 5000 for porosities 0.55 mm and 0.95
(Velocity contours are displayed along the cross-sectional plane P1, Black lines running
through the bed illustrate stream lines).

5.3.4 Effect of Conductivity
The latest manufacturing techniques have the capability to tune the material properties,
for example, different alloy types and compositions that could improve the thermal
conductivity [8]. The influence of foam conductivity towards radial heat transfer has been
investigated by assuming different levels of conductivity. Here, one-third of foam bulk
conductivity proved by Equation (4.18) is considered as the base case (7.5 Wm−1K−1), and
a conductivity level of double the base cases is regarded as an upper limit (15 Wm−1K−1),
with 10% base case as a lower limit (0.75 Wm−1K−1). To identify the influence of foam
conductivity explicitly, the structural parameters are kept constant – ϕ = 1.2 mm, ε = 0.9.
Figures 7a and 7b show the overall heat transfer coefficient at Rep ∼ 100 and Rep ∼ 5000,
respectively. It is revealed that the change in solid conductivity has negligible impact on
radial heat transport at Rep ∼ 5000. However, at Rep ∼ 100, the heat transfer coefficient
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drops by about 34% when used the lower conductivity level (10% of the base case) and
increases by about 14% upon doubling the conductivity level relative to the base case.

Figure 5.7: (a, b) Bed friction factor (left y-axis, circle markers) and overall heat transfer
coefficient (right y-axis, triangle markers) versus foam conductivity at Rep ∼ 100 and
5000, respectively (base case is 1/3 · λf oam,b–Equation (5.18); (c) Normalized temperature
contours at Rep ∼ 100 (left) and Rep ∼ 5000 (right) for conductivities 7.5 Wm−1K−1 and
15 Wm−1K−1 (P1 is the cross-sectional plane where the velocity contours are shown, stream
lines through the bed are represented by black lines with arrow heads).

The radial heat transport in a packed bed reactor can be represented by the effective
radial conductivity λer , which is a lumped parameter that sums up all radial heat transfer
mechanisms taking place within the bed interior. The corresponding correlation is [43]:

Λer

λ f
=
λbed
λ f
+
Pep

Kr
(5.20)

The first summand in Equation (5.20) represents pure conduction, where λbed is
the stagnant bed conductivity and λ f is the fluid conductivity. The second summand
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denotes radial heat transport occurring due to lateral-mixing of the fluid in the bed
interstitial spaces, where Pep = (ρCp)fvsdp,v/λ f is the molecular Peclet number; ρ and
Cp are the density and specific heat of the fluid. The intensity of mixing is represented
by a limiting parameter Kr , which depends solely on the particle shape when the
packed bed is of infinite extent, i.e., negligible wall effects in radial void distribution.
For such a packed bed composed of non-porous spherical particles Kr =∼ 8 and with
cylinders Kr =∼ 4.6 [44]. It can be perceived from Equation (5.20) that λer ≈ λbed at low
flow rates or low Pep, whereas λer ≈ Pep/Kr for high flow rates. Thus, the conductive
heat transfer mechanism has a greater role at very low flow rates, however, convective
type of energy transport is dominant at higher flow velocities. This indicates, the
thermal conductivity of catalyst pellets could not significantly influence an overall heat
transfer performance of a packed bed reactor at high flow rates. Figure 5.7c shows
the variation in radial temperature distribution along a cross-sectional plane (P1) for
different conductivity levels at Rep ∼ 100 (left plots) and ∼ 5000 (right plots). The
influence of pellet conductivity is distinguishable only at Rep ∼ 100, where the change in
conductivity is reflected in the dominant heat transfer mechanism, i.e., conduction.

5.3.5 Design study
The efficiency of a packed bed reactor is characterized by its low pressure drop capability,
and high heat transport. In fact, these design requirements are found to contradict each
other based on foam morphological parameters. As discussed earlier, an increase in cell
size and porosity favors the reduction in pressure drop, however, it causes a drop in
heat transfer efficiency too. Furthermore, regulating radial heat transfer by material
properties is challenging, especially at very high flow rates, where the convective heat
transfer mechanism plays a major role. There is no objection to the fact that using foam
pellets would significantly reduce pressure drop due to the flow through pellets. At the
same time, a certain level of fluid mixing along interstitial voids is also important to
enhance the heat transfer between the reactor wall and the bed interior. Therefore, a
suitable combination of foam structural parameters should be selected for achieving a
reasonable trade-off between pressure drop and heat transfer efficiency.

An optimization study was carried out using the Design Manger utility provided
by Siemens Simcenter STAR-CCM+, in which different combinations of cell size and
porosity, called as design sets, have been examined and for each design set a performance
rating (PR) is determined as [29]:

PR = Σ
Nob j
i=1 WiSiObji − ΣNcon

j=1 QuadWj ·ConViolj (5.21)
where: Nobj is the number of objectives, Wi is the linear weight assigned to i-th

objective, Si is the sign for the i-th objective with a value of -1 for minimizing and +1
for maximizing, Obji is the response value for the i-th objective, Ncon is the number
of constraints, QuadWj is the quadratic weight of the j-th constraint, ConViolj is the
amount by which the j-th constraint is violated.

A total of 96 design sets were considered, with the objective is to minimize friction
and maximize the overall heat transfer coefficient. The heat transfer coefficient is given
a weightage of 2, as maintaining an appropriate bed temperature level is essential for
effective catalytic reactions. Additionally, a constraint is set such that the value of
friction factor cannot exceed one, which guarantees sufficient reduction in pressure drop
as compared to conventional packed beds, i.e., with solid particles. Figure 5.8 shows the
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computed PR for different design sets at Rep ∼ 5000. The corresponding friction factors
and overall heat transfer coefficients are provided in Table A1-Appendix C.

Figure 5.8: Performance Rating at Rep ∼ 5000 (two horizontal axes, on top and bottom,
denote design sets as combination of cell size and porosity, optimum design set yields
maximum PR: ϕ = 0.45 mm, ε = 0.8).

The design set (ϕ = 0.45 mm, ε = 0.8) has achieved the maximum PR = 165.66.
The other viable design sets are: [(0.96 mm, 0.55, PR = 164.09), (0.71 mm, 0.65, PR
= 164)]. From the manufacturing perspective, it might be impractical to produce any
combination of ϕ and ε , as it is dependent on production methods. Hence, the feasibility
in manufacturing should also be considered in the selection of optimum foam parameters.
Furthermore, specific surface area is an important property for the catalytic reactions.
As provided by the manufacturer (Alantum Europe GmbH), ϕ = 0.45 mm, ε = 0.8
bears specific surface area of about 9040 m2/m3, and ϕ = 1.2 mm, ε = 0.9 holds about
4320 m2/m3 4320. Thus, a small cell size and a medium porosity is a better choice, as
they provide high surface area and a good compromise between pressure drop and heat
transfer.

It is also inferred that a significant change in heat transfer efficiency is difficult
to achieve by adjusting only the foam structural properties, as the observed standard
deviation of overall heat transfer coefficient is only about 9 upon 73 successful design sets
(see Table A1, Appendix C). Another option to improve the heat transfer performance
is by modifying the shape of foam pellets along with the optimum structural parameters.
In this regard, hollow ring-like shapes might be a better choice, as they provide more flow
diversions by allowing the fluid through the inner holes and around them, subsequently
enhancing lateral mixing of the fluid and therefore intensifying radial heat transport.

5.3.6 Correlations for friction factor and heat transfer coeffi-
cient

The correlations for the prediction of transport quantities in a foam packed bed with
different foam morphologies have been derived by using CFD data. The geometric
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features of the foam and the flow regime indicated by particle Reynolds number Rep are
combined with appropriate fitting constants to match with the observed data.

The derived correlation for the friction factor f ∗ is:

f ∗ =

[
150(

Rep/1 − ξ
)r ′ + 1.75

]
                                                

Ergun modified

−
[(

ϕ[m]
0.001 m

)m′

(1 − ε)n′

]
(5.22)

with:
r ′ = −0.01790F 2

g + 0.13451Fg + 0.74664; Fg =

(
ϕ[m]

0.001 m · ε
)

m′ = 0.23, n′ = −0.057
(5.23)

Here, ξ is the mean interstitial bed voidage. The first term in Equation (5.22) is an
adapted form of the friction factor provided by Ergun equation for a conventional packed
bed system, i.e., solid particles. The modification is in Rep by including a power factor
r ′, which accounts for the intra-particle flow. Thus, r ′ is dependent on foam morphology
and an expression has been formulated to determine r ′ in terms of ϕ and ε, see Equation
(5.23) . For example, r ′ = 0.98 for ϕ = 3 mm and ε = 0.9 while r ′ = 0.8 for ϕ = 0.45
mm. The non-linear dependency of friction factor with Rep in foam packed beds has
been reported also in ref. [42]. The term ϕ[m]

0.001 m is coined by referring Incera Garrido et
al. [12], where a similar type of nondimensionalization has been introduced with the
foam pore diameter for deriving a mass transfer correlation in foam monoliths. As they
have reported, this term is not based on any physical grounds and is rather formulated
by fitting the transport data, thereby avoiding the inclusion of complex parameters to
represent the fine foam geometries in the correlation, making it simple for the user. It
should be noted that ‘m’ in ϕ[m]

0.001 m denotes meter.
Figure 5.9a shows the comparison of friction factors predicted by correlation with

observed data for different cell sizes and ε = 0.9, over ∼ 100 ≤ Rep ≤∼ 5000. The
agreement is good for the cases investigated, except minor differences for ϕ = 0.45 mm
and low Rep. When the cell size is reduced, the foam particles exhibit greater resistance
to internal flow, which causes a jump in friction factor, mainly at lower velocities. Figure
5.9b depicts the friction factor predicted by the correlation for ε = 0.7–0.95 with ϕ =
1.2 mm. The comparison with observed data also indicates a good agreement. Figure
5.9e shows the parity plot, which reveals that the proposed correlation Equation (5.22)
is capable to predict the friction factor with respect to foam structural parameters :
0.45 mm≤ ϕ ≤1.2 mm and 0.70 ≤ ε ≤ 0.95, over ∼ 100 ≤ Rep ≤∼ 5000 with a reasonable
accuracy of ±15%.

The correlation for the overall heat transfer coefficient Equation (5.19), developed
for the cylindrical foam pellets with ϕ = 1.2 mm and ε = 0.9, is extended to account for
the different values of structural parameters as:

U ∗ = 0.586 · Re0.486
p

(
ϕ[m]

0.001 m

)m′ (
a′ · εn′

)
(5.24)

with:
a′ = 0.0231F 2

g − 0.1327Fg + 1.7704; Fg =

(
ϕ[m]

0.001 m · ε
)

m′ = −0.235, n′ = −0.257
(5.25)
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Figure 9c shows the comparison of overall heat transfer coefficient predicted by the
correlation with observed data for different cell sizes and ε = 0.9. The agreement is
satisfactory for the investigated Rep range. In the range of low Rep < 500, the overall
heat transfer coefficient increases almost linearly, where the conductive heat transfer
mechanism plays a major role, as well as intra-particle flow is low. At higher Rep, the
flow through foam pellets increases, and the convective mechanism takes the primary
role in heat transfer. Since a significant intra-particle flow hinders the lateral fluid-
mixing, convective mode of heat transfer is less intense in a foam packed bed than in a
conventional packed bed. Due to this, the overall heat coefficient shows a half-parabolic
profile, when Rep increases. Figure 5.9d denotes that the correlation is also comparable
with observed data for the cases of different porosities and ϕ = 1.2 mm. As indicated by
the parity plot in Figure 5.9f, this correlation does provide reasonable predictions ±15%,
with the exception of a few outliers at low Reynolds numbers.

In summary, the proposed correlations could aid engineers in determining the
important transport quantities for different foam geometric features in a simplest
way.
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Figure 5.9: (a, b) Comparison of friction factors with correlation Equation (5.22)
for different cell sizes and porosities, respectively; (c, d) Comparison of overall heat
transfer coefficients with correlation Equation (5.24) for different cell sizes and porosities,
respectively; (e, f) Parity plots for friction factor and over-all heat transfer coefficient,
respectively.
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5.4 Conclusions
A wall-segment CFD setup was used to investigate the effect of foam morphologies
on the transport processes in a random packed bed composed of cylindrical open-cell
metallic foam pellets. The modeling strategy is in the framework of particle-resolved
CFD with sub-models to mimic flow and heat transfer inside the foam pellets. Instead
of re-solving the inner geometries of foam pellets, the corresponding pressure loss and
effective thermal conductivity were modeled by the porous-media approach at pellet
level. The flow and energy transport in interstitial voids are considered as they are,
which is important in capturing the local bed structural effects in such a slender packed
bed system. Rigid body dynamics method was used to generate the packing structure.

The use of wall-segment CFD has found worthy for the parametric analysis, since a
significant reduction in computational time is achieved even using a normal computing
system, i.e., full-bed simulations required several hours or day with 1 CPU—intel Core
i7-8700K were instead carried out under half-hour.

The main findings from the parametric analysis covered in the present work are:

• The friction factor and the overall heat transfer coefficient decrease with an increase
in cell size and porosity.

• The observed behavior contradicts the desired requirements in a packed bed, i.e.,
lower pressure drop and higher heat transfer.

• The transport behavior in a foam packed bed is dependent on the amount of flow
stream through the pellets, which is regulated by the flow velocity in addition to
foam morphologies.

• The intra-particle flow increases by increasing the cell size and porosity added
with higher flow velocity.

• The influence of the conductivity of foam pellets on overall heat transfer of a
packed bed is found to be negligible at higher flow rates; the convective heat
transfer mechanism is dominant on such conditions, which can be influenced most
significantly by the pellet shape and dimensions.

• Foam morphologies as well as shape should be optimized to achieve a trade-off
between pressure drop and heat transfer efficiency.

• A design study has shown that a cell size of 0.45 mm and a porosity of 0.80 is the
optimal foam morphology of a cylindrical foam pellet for Rep ∼ 5000.

Based on CFD data, suitable correlations for predicting friction factor and overall
heat transfer coefficient that accounts for different foam morphologies have been derived
for 100 ≤ Rep ≤ 5000, with an accuracy of ±15%.

Further research is recommended to investigate different foam pellet shapes and tube-
to-particle ratios. It would also be useful to conduct reactive simulations to investigate
the influence of foam morphologies on conversion rates and temperature distribution
within the bed.
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6
Optimization of metal foam pellet
shape in packed beds for improved

radial heat transfer using
particle-resolved Computational Fluid

Dynamics

Abstract
Process intensification in tubular reforming reactors has always been a topic of interest,
particularly for improving the radial heat transfer. The innovation of open-cell metallic
foam pellets is the latest in this category, as they bear unique transport properties. This
work presents the optimization of metal foam pellet shapes for improved radial heat
transport, using a virtual design platform based on a modified version of particle-resolved
computational fluid dynamics. To optimize the pellet geometry, different configurations
such as pellet with inner holes, external grooves, and varied aspect ratios, as well as
different foam morphologies (cell size ϕ and porosity ε) are considered, and the influence
of each pellet configuration on flow and energy transport in a randomly packed bed
setup has been investigated. Based on the desirable properties of the packed bed, such
as low pressure drop, high heat transfer coefficient, increased surface area, and high
catalyst inventory, the overall performance of the investigated pellet shapes is analyzed.
The foam ring with the aspect ratio of 2.5 and ϕ = 0.45 mm, ε = 0.82 has been identified
as optimal under the investigated operating conditions 250 < ReP < 2250, which is
confirmed by pressure drop and heat transfer experiments.
Key words: open-cell foam; CFD; heat transfer; fixed-bed reactor; pellet shape

This chapter is reprint of publication: George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle
A, Lindermeir A, Wehinger GD. Optimization of metal foam pellet shape in packed beds for improved
radial heat transfer using particle-resolved computational fluid dynamics. Chem. Eng. Process.: Process
Intensif. 2023;188:109357.
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6.1 Introduction
The use of metallic foams in heterogeneous catalytic reactions has been widely reported
in recent decades. In most cases as structured catalyst substrates, they perform better
than conventional packed beds due to their superior properties such as high porosity (80–
95%), greater surface area, higher thermal conductivity, and high mechanical strength –
see the review article [1]. The unique characteristics of metal foams encouraged catalyst
designers to think about using them in tubular reforming reactors, e.g. Steam Methane
Reforming, instead of ceramic pellets. This idea led to the development of advanced
manufacturing methods, including an innovative powder metallurgical process that
produces alloyed foam pellets (e.g. NiCrAl, FeCrAl) with improved stability even at high
temperatures (∼1000°C) [2, 3]. It is also noteworthy that the metal foam pellets can be
retrofitted easily to the lengthy reforming tubes (≥ 8 m), even allowing them to be loaded
and unloaded with the same catalyst loading devices, as opposed to other performance
enhancement strategies [4] that require substantial alterations to the existing reactor
setup.

The flow and heat transfer characteristics of metallic foams in a structured reactor
setup have been widely reported. Giani et al. [5] have presented heat transfer correlations
based on experiments conducted in foam samples made of copper and FeCr alloy. Bianchi
et al. [6] have evaluated heat transport properties of open-cell metallic foams made of
FeCrAlY alloy and aluminum with the aid of heating and cooling flow experiments over a
wide range of operating conditions (15–35 Nlmin−1, 400–800 K). The authors also carried
out simulations to analyze the role of pure heat conduction in effective radial conductivity.
This work was further extended by Aghaei et al. [7] for metal foams with very high
porosity (93–95%) and cell density, including the foam materials of NiCrAl alloy, copper,
and cobalt, subjected to different flow gases – nitrogen and helium. Kapteijn and Moulijn
[8] have presented an overview of developments in structured reactors, finding that
metallic foams are increasingly used to enhance heat transfer between the catalyst bed
and wall of the reactor. It has also been extensively discussed in the literature about the
thermal application of metal foams. Chen et al.[9] have reviewed the use of metal foams
in compact heat exchangers, solar thermal facilities, and thermal energy storage. They
have discussed the pressure drop and heat transfer correlations for heat exchangers with
metal foams. Recently, Hu et al. [10] have published a review of the research advances
on flow and heat transfer characteristics in metal foams for the applications in fuel
cells, phase change materials, and heat exchangers including pool boiling, flow boiling,
and condensation. A numerical model to analyze the flow of wet air in metal foams
under dehumidifying conditions, as a case for the performance enhancement in heat
exchangers, has been reported in [11]. De Schampheleire et al. [12] have reviewed the
experimental and numerical methods to study the thermal applications with metal foams.
Ranut et al. [13] have presented pore-scale computational fluid dynamics simulations
to analyze transport processes in open-cell aluminum foams, where the high resolution
X-ray micro-tomography was used to create the foam structure. Similar type of detailed,
but computationally expensive, studies have been conducted by many authors [14, 15].
For more studies relevant to flow and thermal transport in open-cell metal foams, see
[16–19]. Although extensive research has been conducted on metallic foams for structured
catalyst supports and thermal applications, little has been reported on the application
of metallic foams as pelletized catalyst supports in randomly packed beds. Kolaczkowski
et al. [20] have performed pressure drop and heat transfer experiments in a randomly
packed bed made of cubical metal foam pellets. Compared to 1-hole ceramic pellets,
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cubical metal foam pellets showed a significant reduction in pressure drop, but there was
no improvement observed in radial heat transport. It has also been revealed that further
research on different pellet shapes and structural parameters is needed to enhance the
thermal performance of metal foam pellets in a randomly packed bed setup.

In fact, the transport processes in slender reforming tubes
(
D⁄dp ≤ 10

)
containing

randomly arranged catalyst particles are complex, particularly the radial heat transfer
mechanism [21]. To heat or cool a reactor tube, it is important to transport energy across
its wall and catalyst bed as efficiently as possible, which is dependent on several factors
such as bed morphology, operating temperature levels, and flow regimes that regulate
different heat transfer modes [4]. In collaboration with a foam pellet manufacturer, we
conducted experiments to examine the nature of packed beds made of metal foam pellets.
The main findings are [22, 23]:

• The pressure drop is significantly reduced with high-porous foam pellets (cell size
ϕ = 1.2 mm and porosity ε = 0.87) in comparison to a ceramic benchmark pellet.

• The radial heat transfer performance of cylindrical foam pellets is comparable
to that of ceramic pellets at low flow rates Rp <∼ 270, where conductive heat
transfer is dominating. However, foam pellets underperform at high flow rates,
where convective transport plays a major role. In contrast to solid pellets, the
highly porous foam pellets permit significant flow through them, thereby inhibiting
lateral fluid mixing along bed interstitial spaces.

• The lateral fluid mixing along local bed voids must be improved to enhance
convective mode of heat transport.

The shape of catalyst pellets and the tube-to-particle diameter ratio are key factors
influencing local bed voids, which in turn affect local interstitial velocities and lateral
fluid mixing [24]. Hence, developing suitable pellet shapes has been a major effort for
catalyst suppliers over the years [25]. With the advent of additive manufacturing, it is
possible now to explore even complex catalyst shapes [26]. In addition to the geometry,
foam morphologies–cell size and porosity–should also be considered in the design of
foam pellets, since they determine the amount of flow through pellets [27]. A reasonable
trade-off between heat transfer performance and pressure drop can be achieved in packed
foam beds, particularly at higher flow rates, by optimizing the shape and morphology of
foam pellets.

Particle-resolved Computational Fluid Dynamics (PRCFD) is widely used to simulate
transport processes in slender packed beds [28, 29]. As the PRCFD approach accounts
for the actual bed structure, it is well suited to investigate the influence of catalyst pellet
shapes on the packed bed reactor performance [30–32]. The recent studies have shown
that the PRCFD method is reliable to investigate even the unconventional catalyst
shapes that are produced with additive manufacturing techniques [33]. In previous works
[22, 23], we have introduced a modified PRCFD approach to deal with the unique nature
of packed beds with metallic foam pellets, i.e., significant flow through the foam pellets.
This method considers foam pellets as porous media, supported by appropriate closure
equations to account for the flow and the energy transport inside pellets. The transport
quantities along bed interstitial spaces are fully resolved, thereby retaining the capability
of a PRCFD approach in considering the influence of pellet shapes, while also reducing
the computational effort by not physically resolving the fine inner foam features. For the
validation of CFD models, experiments were conducted in suitable reactor setups. In
comparison with experimental data, the CFD model exhibited excellent agreement with
pressure drop and axial bed temperature, see [22, 23]. Thus, a virtual design platform has
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been realized to predict the transport characteristics of packed beds composed of metal
foam pellets. This platform is capable of exploring different shapes and morphologies
of foam pellets, as well as operating conditions, such as flow rates and inlet and wall
temperatures. Furthermore, the digital reactor setup helps to limit the use of expensive
and time-consuming experiments, and speed up the process of finding the optimal foam
pellet shape that meets the requirements, such as lower pressure drop, improved heat
transfer, and high catalytic activity.

In this work, the PRCFD-based design platform is used to optimize the shape of
metal foam pellets for improved radial heat transport. The influence of pellet shapes
and foam morphology on flow and radial heat transfer in a randomly packed bed setup
is investigated for different flow rates. To quantify thermal performance, the overall heat
transfer coefficient U , the wall-fluid Nusselt number Nuw, and the effective radial bed
conductivity Λer are determined for different pellet shapes. Selected experiments are
also conducted with the optimized foam pellet shape to verify its performance in terms
of pressure drop and axial bed temperature. Finally, an overall performance assessment
is carried out by including transport coefficients, and catalyst bed properties such as
surface area and catalyst inventory.

6.2 Material and methods

6.2.1 Designed pellet shapes
To investigate the influence of particle shapes on flow and radial heat transport in
a packed bed with metallic foam pellets, a systematic analysis was carried out for
different configurations as shown in Table 1. Configurations R1, R2 represent the base
cases – ceramic Raschig ring and cylindrical metal foam made of NiCrAl alloy (71%
Ni, 19% Cr, and 10% Al). In the following steps, the cylindrical foam pellet (R2) was
shaped to improve its transport properties in comparison to ceramic Raschig ring (R1).
(Configuration C1) consists of a 1-hole cylinder and a multi-hole cylinder with grooves,
which explores the influence of internal holes and external shaping on a particle geometry;
(Configuration C2) investigates the effect of particle aspect ratio (AR), i.e., the ratio
of particle height to diameter; (Configuration C3) analyses foam rings with different
ARs; (Configuration M) represents the foam ring that has been manufactured for further
experiment verification. The pellet dimensions and the properties of foam – porosity
ε and cell sizeϕ – for each configuration are also provided in Table 6.1. It should be
noted that the shapes that are easy or economical to fabricate are mainly selected. For
manufacturing the desired foam pellet shapes [3, 34] , laser cutting techniques are used
rather than the typical extrusion process for the tableting of ceramic pellets [35].

For all cases, the particle diameter dp and the reactor tube diameter D were kept
constant to be 10 mm and 69 mm, respectively, thereby representing a slender packed
bed system D⁄dp = 6.9, being typically used for highly endothermic and exothermic
catalytic reactions [36]. The flow regimes were defined based on the particle Reynolds
number Rep = ρvsdp/µ, where ρ is the density, vs is the superficial velocity, and µ is the
dynamic viscosity of the fluid medium.

6.2.2 Particle-resolved CFD (PRCFD)
In previous work, we have presented a framework for a PRCFD approach for randomly
packed beds containing metal foam pellets. The applicability of the proposed PRCFD
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method has been verified by our own experimental studies, including the validation of
numerically generated bed structures, and the sub-models for simulating the pressure
drop and heat transport inside foam pellets. The pressure drop and the bed temperature
predicted by the PRCFD model have shown excellent agreement with experimental
results, see [22, 23] for detailed explanations and validation studies. In the following
subsections, the numerical procedures are briefly presented.

Table 6.1: Pellet shapes, dimensions, and foam properties (porosity ε, cell size ϕ, pore
density PPI-number of pores per inch). All dimensions are in mm.

6.2.2.1 Bed geometry

The first step in PRCFD approach is the generation of packing geometry. This was done
using the open-source tool Blender, in which the Rigid Body Dynamics (RBD) method
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supported by the Bullet physics library [37] was used to simulate the physical behavior
when filling the catalyst pellets into the reactor tube. In one of our prior studies [22],
we have determined the proper Blender settings, such as friction factor and restitution
coefficient, by validating the mean void fraction of the synthetic bed with a real bed
constructed in an experiment reactor, where a unique catalyst loading method [38] was
also used. The same Blender settings were used to create packing structures for the
particle shapes listed in Table 6.1 (see Section 6.3 for generated packing geometries).
The length of all packed beds was kept at 650 mm, which results in approximately
800–1500 particles, depending on the particle shapes.

6.2.2.2 Modeling equations

The conservation equations for mass, momentum, and energy were solved in a 3D
domain at steady state, where the turbulence was modeled by the Reynolds Averaged
Navier-Stokes (RANS) approach. Realizable k-ϵ turbulence model with Two-layer All y+
wall treatment was used, since it gives reasonable physical results and stable convergence
[29]. A detailed description of the formulation of general transport equations over a
finite volume can be found elsewhere [27, 39]. Here, the main equations for modeling
transport processes inside foam pellets are summarized.

A packed bed made from foam pellets has a unique characteristic of allowing
significant flow through the highly porous pellets and along interstitial spaces, thereby
providing two flow paths. Computationally, it is very expensive for resolving such a
bi-disperse flow field in a packed bed composed of thousands of foam pellets. Hence,
a modified PRCFD workflow has been developed in which the transport quantities in
interstitial spaces are fully resolved, whereas the flow and the energy transport inside
foam pellets are modeled by the porous-media approach, see [22, 23]. Instead of physically
resolving the fine inner foam features, i.e., struts, windows, and cells, closure equations
were used to account for the pressure loss and the effective thermal conductivity inside
foam pellets.

The flow resistance within foam pellets was determined by the Lacroix correlation
[40], see Equations (6.1),(6.2). This is an adapted version of the traditional Ergun
equation [41], in which the foam geometrical parameters such as strut diameter ds, pore
diameter a, porosity ε, and cell size ϕ are used to formulate an effective equivalent
particle diameter, assuming the foam pellet as an isotropic porous medium. As mentioned
in ref.[40], the pore diameter and the cell size can be related as: a = ϕ/2.3, and A = 150,
B = 1.75 are the Ergun constants.

∇p
L
= A (1 − ε)2µ

ε3 (1.5ds)2
vs + B (1 − ε)ρ

ε3 (1.5ds)
v2
s (6.1)

ds =
a
[ ( 4

3π
)
(1 − ε)

] 1
2

1 − a
[ ( 4

3π
)
(1 − ε)

] 1
2

(6.2)

The adequacy of applying the Lacroix correlation in randomly packed foam bed has
been verified with detailed PRCFD simulations and compared with our own experiment
data, see [22]. Since the Lacroix correlation has been developed from a reactor setup
with a structured or string-like foam arrangement, a slight modification to the porosity
term in Equation (6.1) is found to be necessary to make it applicable to a randomly
packed bed. Unlike a structured arrangement, the fluid can pass through or around the
foam pellets in the randomly packed setup. The use of correction term (ε′ = 0.977 · ε)
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in the original Lacroix correlation, Equation (6.1), has shown good agreement with
experimental data [22].

It is worthwhile to point out that several pressure drop correlations have been
presented in literature for open-cell foams. In general, no model is universal yet, and there
are significant differences in the pressure drop predictions between various correlations,
see the review articles [42, 43]. As stated earlier, we have verified the applicability of
the Lacroix correlation in the investigated metal foam pellets using own experimental
data [22]. The selection of the Lacroix correlation in this shape optimization study is
beneficial, as it is simple in formulation and allows the direct use of foam structural
parameters (ϕ, ε), while comparing with other correlations, like in [44], that consider
more detailed foam features, such as strut shapes and geometric tortuosity, which are
not relevant to this study.

The heat transport inside foam pellets was modeled according to the thermal
equilibrium approach [45] within the porous media model Equation (6.3), which assumes
negligible difference in temperature between the fluid and solid phases. This simplified
modeling approach is reasonably acceptable, as the amount of solid phase in a foam
pellet is relatively low, typically < 10–15%, and the struts are very thin at 0.3–0.5 mm
[46], the temperature gradients are small and hence Tfluid = Tsolid. Moreover, such a
strategy reduces the modeling complexity as well as the computational effort compared
to complex methods like local thermal non-equilibrium.

∇ · (ερfluid Hfluid v) = ∇ · (λeff ∇Tfluid ) + ∇ · (εT · v) (6.3)
where: v is the physical velocity, Hfluid is the total enthalpy of the fluid, ρfluid is the
fluid density, T is the stress tensor.

To determine the effective thermal conductivity λeff , a wide set of correlations can
be found in literature, see the comprehensive review article [47]. Interestingly, many
correlations have followed a similar pattern, in which the fluid conductivity λf and the
foam bulk conductivity λfoam,b are combined based on foam porosity ε. Among them,
Schuetz and Glicksman [48] have presented an effective conductivity model λeff, SG as:

λeff, SG = ελf + (1 − ε)13λfoam, b (6.4)

For Nickel-Chromium alloy, λfoam, b = 5.192 + 0.0192 · T in the temperature range
0°C<T<1200°C [49]. The applicability of λeff, SG model Equation (6.4) in randomly
packed foam bed has been verified previously, see [23]. The axial temperature profile
predicted by PRCFD simulations has shown a very good agreement with experiment
data. Additionally, the simplicity of the formulation along with reasonable accuracy leads
us to select Equation (6.4) over other available correlations as presented in [47]. It should
be highlighted that the proposed effective thermal conductivity model does not consider
any anisotropic effects, since such local pellet properties have no significant influence in
a randomly packed bed setup, mainly for medium to high flow rates, where the role of
pure conduction is hardly noticeable in the effective radial heat transfer. It should also
be noted that any specific reactions are not modeled, as this study focuses only on the
flow and thermal behavior of a packed foam bed under non-reactive conditions.

6.2.2.3 Simulation setup

The computational domain consists of a synthetic packed bed enclosed by a reactor
wall, with extended inlet and outlet sections to minimize the flow entry-exit effects.
Figure 6.1 schematically represents the simulation setup, which is realized based on
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the experiment reactor setup, see [23]. Accordingly, a steel thermowell having an outer
diameter of 3.5 mm and a thickness of 0.3 mm, which was used to measure the axial
bed temperature, was also included in the CFD simulation. The influence of thermowell
on the bed structure and the heat conduction has been reported in literature [50, 51].
Since it is difficult to mesh this kind of very thin thermowell, the shell wall modeling
approach [45] was used to account for the heat conduction in axial, radial and azimuthal
direction inside the thermowell, see [23] for more details. The length of the numerical
packed beds was about 650 mm, which contains approximately 800–1500 particles,
depending on the different particle sizes and shapes, as reported in Table 1. The packed
bed with foam pellets was categorized as the porous region, and inter-particle spaces
as well as extra tube sections as the fluid region. Siemens Simcenter STAR-CCM+
software was used for meshing, and a conformal mesh type was ensured between the
interface regions. Polyhedral mesh type was used in the bulk region, and prism-layer
cells were considered at wall-fluid interfaces like reactor wall-fluid and thermowell-fluid
areas. The mesh settings to generate quality meshes in a packed bed, as well as grid
independency requirements, have been verified in previous work [22, 23]. Here, the
same mesh parameters were applied. The final cell count varies for different particle
configurations approximately between 15 and 27 million cells.

Figure 6.1: (A) Computational domain with dimensions and boundary conditions; (B)
Representation of meshed geometry; (C) Thermal boundary conditions with temperature
distributions at the inlet and the reactor wall.

As depicted in Figure 6.1, a flat velocity profile in the inlet and radially varying
temperatures at the inlet and wall were assigned as boundary conditions. This is in
line with the experiments, see [23]. The experiment reactor has a pre-cooling section
and a flow equalizer upstream of the bed structure, which advance the development
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of temperature profile before the flow enters the packed bed. This inlet temperature
profile was estimated based on additional CFD simulations reflecting the top portion
of the experiment setup. The wall temperature profile was obtained from the steady
state temperature measurements of the cooling oil, see [23] for more details. In the
actual experiment, different combinations of mass flow rate, inlet temperature, and
wall temperature were considered. The corresponding PRCFD simulations have been
validated for all these conditions. In this work, a particular combination of inlet and wall
temperature profiles was chosen, and it was used for all particle configurations. Thus,
the maximum temperature at the inlet is about 444 K, and the wall temperature varies
axially between 301 and 327 K (see Figure 6.1C). The superficial velocity was varied
between 0.5 and 5 ms−1to investigate the transport characteristics over a wide range of
flow conditions, i.e., ∼ 250 < ReP <∼ 2250. No-slip wall boundary condition was assigned
at wall surfaces. The outlet was set at ambient pressure outlet boundary condition.

Nitrogen gas was used as the fluid medium, where the ideal gas law was assumed
to determine the gas density according to the variation in temperature and pressure.
Based on gas-kinetic theory, the thermal conductivity of the gas was calculated, while
dynamic viscosity was based on Chapman-Enskog model [45]. The specific heat Cp =

580 Jkg−1K−1 and bulk density, ρp = 650 kgm−3 were considered for foam pellets. The
thermal conductivity of the steel thermowell was defined by: λtw = 9.248 + 0.0157 · T
being valid in the range 200 K < T < 1200 K [52].

The steady-state simulations were performed by Siemens Simcenter STAR-CCM+
version 15.02 with the finite-volume method, and by adopting the segregated flow and
energy solvers based on Algebraic Multigrid (AMG) iterative method [45]. In order
to discretize the convection and diffusion terms, an upwind differencing scheme of
second-order accuracy was employed. The convergence of solution variables like velocity,
pressure, and temperature was monitored with a number of point probes placed at
distinct locations in the simulation domain as well as by lowering considerably the
residuals over the iteration process.

6.2.3 Evaluating reactor performance
For different pellet configurations, the flow resistance across the packed bed was
characterized by the specific pressure drop ∆P/L, and its non-dimensional form is:

∆P∗ =
∆P

Lρg (6.5)

where: ∆P is the pressure drop across a bed of length L, ρ is the density of gas, and g =
9.81 ms−2 is the acceleration due to gravity. It should be noted that the gravitational
effects are negligible in this study and therefore not considered in CFD simulations,
while the use of g in Equation (6.5) is to formulate a non-dimensional form of specific
pressure drop solely for the analysis purpose.

The net radial heat transfer was quantified by the overall heat transfer coefficient
defined as [53]:

U =
Q

A∆TLM
(6.6)

Here, Q is the total heat transfer from the wall to fluid, A is the area available for
heat transfer, and ∆TLM = (Tout −Tin ) /log [(Tw −Tin ) /(Tw −Tout )] is the logarithmic
mean temperature difference, computed using wall temperature Tw and mixed mean
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fluid temperatures at the inlet Tin and the outlet Tout.The non-dimensional form of U
can be formulated with the tube diameter D and the fluid thermal conductivity λ f as:

U ∗ =
UD

λ f
(6.7)

In slender packed bed systems, the overall resistance to radial heat transport can be
evaluated with the physical processes occurring at two regions. The first one is at the
immediate vicinity of the reactor wall, where the strong channelling of an un-mixed fluid
layer along high voids results in a sudden jump in temperature difference between the
wall and the adjacent bed location [54, 55]. Secondly, the resistance to heat transport into
the bed interior and it is regulated by the bed conductivity at lower flow rates. However,
the lateral fluid mixing along the bed voids controls radial heat transfer at higher
flow rates [56, 57]. To model heat transfer in packed beds, the 2D pseudo-homogenous
plug-flow reactor model is typically used, which ignores the difference in temperature
between the catalyst bed and the surrounding fluid. The critical parameters in this
model are an apparent wall-fluid heat transfer coefficient αw, and an effective radial bed
thermal conductivity Λer . The former refers to the heat transfer mechanism occurring
near the reactor wall, and the latter is an effective term, which is a combination of all
the heat transport processes occurring in the bed interior.

Tubular packed bed reactors are operated similar to steady-state heat exchangers
and at medium-to-high flow rates, like in this study. Hence, the radial heat transport is
of paramount interest and the axial heat transfer analysis can be neglected [58]. Upon
ignoring axial heat dispersion at intermediate and high flow rates, the 2D heat balance
equation is given by Equation (6.8) [58], where G is the superficial mass velocity, Cp,f is
the specific heat capacity of the fluid.

GCp,f
∂T

∂z
= Λer

1
r

∂

∂r

(
r
∂T

∂r

)
(6.8)

Boundary conditions:
Λer
∂T

∂r
= αw (Tw −T ) at r = R (6.9)

T = Tin at z = 0 (6.10)

∂T

∂r
= 0 at r = 0 (6.11)

Using boundary conditions Equations (6.9),(6.10), (6.11), the solution of Equation
(6.8) can be presented in a dimensionless form as [59]:

T (r ) −Tw
Tin −Tw

= D1
∑ 4J0 (βnr/R)(

D2
1 + 4β2

n

)
J0 (βn)

exp
(
−4β2

n/D2
)

(6.12)

Here, D1 = Nuw
(
D/dp,v

)
/
(
Λer /λ f

)
, D2 = PEr

(
D/dp,v

)
/(L/D), Nuw = αwdp.v/λ f is the

wall-fluid Nusselt number, PEr = (ρCp)fvsdp,v/Λer is the effective radial bed Peclet
number. The eigenvalues βn is based on the function f (βn) = [D1J0 (βn) /2]−βn J1 (βn) = 0,
with J0 and J1 as Bessel function of zeroth and first order, respectively. For solution
deep in the bed, the eigenvalue function converges to the first term, i.e., βn = β1 [59].

It has been demonstrated previously that the 2D model can be used to determine
the effective heat transfer parameters by fitting the radial temperature profile extracted
from the CFD simulation with those predicted by the model [23]. The same approach
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was used in this study to determine αw and Λer for different particle shapes listed in
Table 1. To avoid the influence of bed length effect [60], the radial temperature profile
deep in the bed, z/dp ≈ 40, was used in all cases. Thus, the influence of particle shapes
on heat transfer mechanisms was quantified.

6.3 Results and Discussion

6.3.1 Influence of internal holes and exterior shaping
The shaping of cylindrical particles with internal holes or external grooves is a common
approach in the design of industrial catalysts [61], as they provide an increased geometric
surface area, low pressure drop, as well as a higher void fraction of the entire packed bed
[32]. The effects of such modifications on a packed bed containing metal foam pellets have
been examined by considering the shapes of 1-hole cylinders and multi-hole cylinders
with external grooves—see configuration C1 in Table 6.1—with foam properties ϕ = 1.2
mm, ε = 0.87.

Figure 6.2A shows the bed segments
(
∼ 40 ≤ z/dp ≤∼ 50)

)
made of ceramic Raschig

rings, cylinders, 1-hole cylinders and multi-hole cylinders with external grooves. The
orientation of particles in beds of 1-hole and multi-hole cylinders is kept the same as those
in full cylinder bed to investigate specifically the effect of internal and external grooves
on flow and radial heat transfer. Figure 6.2B-1 depicts the axially and azimuthally
averaged radial bed void fraction over a bed segment ∼ 20 ≤ z/dp ≤∼ 60, ignoring
bed end effects (see Supplementary document for corresponding line plots). It should
be noted that the individual porosity (87%) of foam pellets is not taken into account
when quantifying bed voids, as the radial bed voidage represents the local variation in
bed voids or interstitial spaces, i.e., gaps between the particles and particle-wall. The
influence of reactor wall in the arrangement of particles is identified with a high voidage
very close to the wall, and it is succeeded by a sequence of maxima-minima towards
the bed center, which is dependent on the particle shape and tube-to-particle diameter
ratio. Similar findings are reported in [62]. There is also a wall-like effect imparted by
the thermowell at the center of the bed. The intensity of fluctuation in the local radial
void fraction is found to be strong in the cylindrical bed, followed by 1-hole cylinder.
The variations in the radial void fraction are comparatively lower in the beds of Raschig
ring and multi-hole cylinder due to the presence of inner holes and external grooves.
The corresponding mean void fractions are 0.62, 0.40, 0.43, and 0.65 for the beds of
Raschig ring, cylinder, 1-hole cylinder and multi-hole cylinder with external grooves,
respectively.

Figure 6.2B-2 shows the normalized velocity distribution along a cross-sectional plane
at z/dp = 45, where vs = 3.3 ms−1 and Rep ≈ 1500. In all cases, the channelling effect, i.e.,
fluid bypassed along the high void region near the reactor wall, is observed. The localized
rise in fluid velocity is overall higher in the ceramic Raschig ring bed. The deflection of
flow in bed voids is dominant in solid rings according to the alignment of inner holes.
On the contrary, the highly porous foam pellet eases the flow resistance by providing
an additional flow path through the pellets. It can be seen that the inclusion of holes
and external grooves on to the cylindrical foam geometry causes further enhancement
of the intra-particle flow. Fig. 2B-3 shows the distribution of mean temperature along
a cross-sectional plane at z/dp = 40 and Rep ≈ 1500, normalized by the corresponding
wall temperature, Tw = 314.3 K. For all cases, the variation in radial temperature is
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profound very near to the reactor wall, which indicates a greater resistance to radial
heat transport due to the channelling effect.

Figure 6.2: (A) Synthetically generated bed structures – from left to right: ceramic
Raschig ring, cylinder, 1-hole cylinder and multi-hole cylinder (pellet dimensions in mm),
ψ is mean bed voidage; (B) Scalar plots of axially and azimuthally averaged radial void
fraction (B-1), specific velocity distribution (B-2), and specific temperature distribution
(B-3).

A quantitative assessment of flow and heat transport characteristics is carried out by
calculating the pressure drop and the overall heat transfer coefficient as per Equations
(6.5)–(6.7) (see Section 6.2.3). Figure 6.3A shows the comparison of non-dimensional
pressure drop. As expected, foam pellets provide lower pressure drop compared with
ceramic Raschig rings and the magnitude of reduction is higher with the increase in
mass flow rate. The amount of fluid conveyed through foam pellets is dependent on
their structural properties (cell size and porosity) and flow velocity [22, 27, 63]. At
Rep ≈ 2000, the reduction in pressure drop is about 35% for cylindrical foam pellets and
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38% for 1-hole cylinder. The inclusion of multiple holes and external grooves causes
further decline in pressure loss by about 70% in comparison to Raschig ring, and it is
due to higher mean bed voidage. Thus, it can be deduced that inserting holes or grooves
in a foam geometry is a positive design strategy in terms of pressure drop; this is also
true for solid pellets [64].

Figure 6.3: CFD results of (A) Non-dimensional pressure drop; (B) Non-dimensional
overall heat transfer coefficient; (C) Wall-fluid Nusselt number; (C) Ratio of effective
radial bed thermal conductivity to fluid conductivity [Configurations R1, R2, and C1].

However, such modifications to foam pellets are not favoring their heat transfer
performance. As shown in Figure 6.3B, the overall heat transfer coefficient U of ceramic
Raschig ring is almost double than that of foam pellets at higher flow rates, whereas the
heat transfer performance is comparable at lower flow rates. To gain a more detailed
insight into heat transfer mechanism occurring at very close to the reactor wall and in the
interior of packed bed, the apparent wall-fluid heat transfer coefficient αw and the effective
radial bed conductivity Λer are determined with the aid of 2D pseudo-homogeneous
model, see Section 6.2.3. Figures 6.3C, D show the wall-fluid Nusselt number Nuw
and the ratio of effective radial bed conductivity to fluid thermal conductivity Λer/λf,
respectively. The difference in Nuw between Raschig ring and foam pellets is not so much
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significant as that of the variation in Λer/λf. This reveals that the channeling effect and
the resulting heat transfer resistance very close to the reactor wall is moderately affected
by the particle type or shape, whereas a weak lateral mixing in foam packed beds is
primarily responsible for their poor heat transfer performance. The role of primary heat
transfer mechanisms in the effective radial bed conductivity of a packed bed can be
explained well by the correlation[56]:

Λer

λ f
=
λbed
λ f
+
Pep

Kr
(6.13)

Here, Λer/λf is the ratio of bed stagnant conductivity to fluid conductivity, Pep =
vs

(
ρCp

)
f dp)/λ f is the molecular Peclet number, and Kr is the limiting parameter.

According to Equation (6.13) and at very low Pep, Λer ≈ λbed , which indicates that the
radial heat transfer is mainly dependent on the bed thermal conductivity. For high Pep,
the second term in Equation (6.13) is significant, Λer/λf ≈ Pep/Kr , which denotes that
the convective mode of heat transfer, regulated by the intensity of lateral fluid mixing in
bed voids, is the primary mechanism at higher flow rates. The intensity of lateral mixing
is represented by the limiting parameter Kr , which is dependent on particle shape and
tube-to-particle diameter ratio D/dp [59]. In contrast to solid pellets, the highly porous
foam pellets allow significant flow through them at higher flow rates, thereby limiting
the intensity of lateral mixing, see Figure 6.2B-2. In fact, the inclusion of multiple holes
and external grooves in the foam pellet increases the internal flow, reducing fluid mixing
around the pellets and therefore not promoting heat transport. This is in contrast to the
catalyst design strategies followed for solid ceramic pellets. An example is cylindrical
pellets with 8-holes and a flower-like exterior shaping has been recommended for Steam
Methane Reforming by a reputed chemical company [65], as they provide lower pressure
drop and high catalytic active area while retaining thermal performance. Despite the
fact, such design strategies are not worthy of adoption for foam pellets having large cell
size and porosity, when heat transfer performance is taken into account. Furthermore, it
is not easy and cost-effective to manufacture foam pellets with exterior modifications or
complex shapes similar to the solid pellets currently available on the market.

6.3.2 Effect of particle aspect ratio
The aspect ratio AR = hp/dp, ratio of particle height to diameter, is also an important
parameter in the design of industrial catalyst pellets, and the preferred value for ceramic
pellets is in the range of 0.8 ≤ AR ≤ 1.2 [61]. Using very low particle AR is unwise,
since it might cause pronounced particle interlocking due to its tablet-like geometry [66].
Although ceramic pellets with higher AR or larger size can decrease pressure drop (by
increasing bed void fraction and as per Ergun equation [41] ), they are not always ideal
for industrial catalysts because of their low crushing strength and large internal diffusion
paths [67]. The former causes pellets to break while pouring into lengthy reformer tubes
(typically > 8 m), whereas the latter results in a lower effectiveness factor. The breakage
of pellets into pieces of different sizes and their localized accumulation could induce
further serious problems such as increase in pressure drop, maldistribution of fluid flow,
and temperature hot spots [68, 69]. By contrast, metallic foam pellets have the capability
to overcome such drawbacks. Highly rigid metallic foam pellets do not break easily, and
since they are open-cell and highly porous, strong convective flow through the pellet
is achieved, thus limiting the internal diffusion resistance only to very thin wash-coat
layers [70] (typically, 5 to 500 µm [1]) on the strut surfaces.
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In this study, the influence of pellet ARs on transport characteristics of a randomly
packed bed with metal foam pellets has been investigated for higher ARs of 2 and
2.5—see configuration C2, Table 6.1. The foam properties remain unaltered with respect
to configuration C1, i.e., ϕ = 1.2 mm, ε = 0.87.

Figure 6.4A depicts the sections
(
∼ 40 ≤ z/dp ≤∼ 50)

)
of numerically generated

beds. Figure 6.4B-1 shows the axially and azimuthally averaged radial void fraction
distribution. For AR = 2.5, the extruded pellet geometry combined with the influence
of thermowell causes a noticeable change with a higher void in the bed center region
(see Supplementary document for corresponding line plots). Overall, the increase in AR
leads to an increase in mean bed void fraction, with 0.45 and 0.49 for the beds of AR =
2 and 2.5, respectively. Figures 6.4B-2, B-3 show velocity and temperature distributions
along cross-sectional planes at z/dp = 45 and 40, respectively. On comparing with the
reference case of foam-cylinder (see Figure 6.2B-2, B-3), the channelling of flow near
the reactor wall is unchanged, but, the overall temperature is dropped slightly, which
indicates that the transfer of heat in the radial direction is progressed upon increasing
the aspect ratio.

Figure 6.4: (A) Synthetically generated bed structures – Aspect ratio (AR) = 2.0 and
2.5 (pellet dimensions in mm), ψ is mean bed voidage; (B) Scalar plots of axially and
azimuthally averaged void fraction (B-1), specific velocity distribution (B-2), and specific
temperature distribution (B-3).

A comparison of non-dimensional pressure drop and overall heat transfer coefficient
is shown in Figures 6.5A, B. Due to higher mean bed voidage and larger particle size,
the pressure drop in beds of AR = 2.0 and 2.5 is lower than that of foam cylinder (AR =
1.2) by about 25% and 45%, respectively, at higher Rep. In the same manner, the overall
heat transfer coefficient is also improved by about 18% and 26%. Figures 6.5C, D show
the comparison of wall-fluid Nusselt number and effective radial bed conductivity over
Rep. This implies that lengthening the pellet to a higher AR increases the effective radial
bed conductivity, or in other words enhances the lateral mixing, while the heat transfer
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mechanisms very close to the wall are little altered. Thus, the use of foam pellets with
higher AR is a positive design strategy in terms of pressure drop as well as heat transfer.
Nevertheless, the improvement in thermal performance is still very low compared to
ceramic Raschig rings (see Figure 6.3B).

Figure 6.5: CFD results of (A) Non-dimensional pressure drop; (B) Non-dimensional
overall heat transfer coefficient; (C) Wall-fluid Nusselt number; (C) Ratio of effective
radial bed thermal conductivity to fluid conductivity [configuration C2].

6.3.3 Rings with reduced foam properties
As discussed in Section 6.3.1, ring-like shapes support lateral mixing, thereby resulting
in better radial heat transfer at higher flow rates. In the light of this, different aspect
ratios of metallic foam rings—AR = 1.0, 2.0, and 2.5—have been investigated, see
configuration C3, Table 6.1. It should be noted that the foam ring with AR =1.0 is a
replica of the ceramic Raschig ring in configuration R1 (see Table 6.1). The idea is to
examine how metallic foam behaves with the same pellet geometry. In addition, the
thickness of foam rings for AR = 2.0 and 2.5 is kept the same as that of a single foam
sheet thickness of 1.6 mm. This information is provided by the foam pellet supplier.
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Since the hollow channel embedded in the ring-geometry already provides high void,
reduced foam properties: ϕ = 0.45 mm, ε = 0.82 are considered to ensure enough solid
content in the foam ring.

Figure 6.6A shows numerically generated bed structures with rings of different aspect
ratios. Figure 6.6B-1 shows the axially and azimuthally averaged radial void fraction.
By having hollow channels in the pellet geometry, the variations in radial voidage
variations are minimized. The mean bed void fractions are 0.62, 0.70, and 0.73 for AR =
1.0, 2.0, and 2.5, respectively. Figures 6.6B-2, B-3 depict the velocity and temperature
distributions along cross-sectional planes at z/dp = 45 and 40, respectively. Due to the
reduction in porosity and cell size, flow through the interstitial spaces is comparatively
more accelerated. This favors the transfer of heat in the radial direction, as observed
from the temperature distribution in Figure 6.6B-3.

Figure 6.6: (A) Synthetically generated bed structures with rings – Aspect ratio (AR) =
1.0, 2.0 and 2.5 (pellet dimensions in mm), ψ is mean bed voidage; (B) Scalar plots of
azimuthally averaged void fraction (B-1), specific velocity distribution (B-2), and specific
temperature distribution.
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Figure 6.7A shows the comparison of non-dimensional pressure drop. Due to lower
cell size and porosity (ϕ=0.45 mm, ε = 0.82), foam ring with AR = 1.0 results in higher
pressure drop than foam cylinder (ϕ 1.2 mm, ε = 0.90) by about 27% at higher Rep.
However, higher aspect ratios allow the pressure drop to remain low by about 25% and
45% for AR = 2 and 2.5, respectively. Fig. 7B depicts the overall heat transfer coefficient.
The foam rings provide better thermal performance than foam cylinder at higher Rep.
The maximum U is observed in foam ring with AR = 2.5, which is almost double than
that of foam cylinder, and it is followed by AR = 2 and 1. Interestingly, the heat transfer
performance of foam ring with AR = 2.5 is very comparable to that of ceramic Raschig
ring (see Fig. 3B, Section 3.1). Figures 6.7C, D provide a better insight into heat transfer
mechanisms. As observed in previous configurations, the particle geometry has little
effect on heat transfer processes occurring close to the wall, since significant differences
are not seen in Nuw values. As depicted in Figure 6.7D, a substantial difference in
effective radial bed conductivity is observed between the foam ring and the foam cylinder
at higher Rep. This indicates that the foam ring with reduced porosity and cell, as well
as higher AR, enhances lateral mixing in bed voids, thereby stimulating the convective
heat transfer mechanism. In addition, the use of a lower pellet porosity leads to a higher
effective pellet conductivity as per Equation (6.4), but the thermal conductivity has a
limited role at higher flow rates. To sum up, the hollow ring with AR = 2.5 (configuration
C3, Table 6.1) has been identified as the best choice of investigated foam pellet shapes,
as it provides a lower pressure drop and a heat transfer coefficient comparable to ceramic
Raschig rings.

6.3.4 Verification with experiment
In order to confirm the suitability of ring-like shapes, foam rings with AR = 2.5 were
manufactured as in configuration M, Table 6.1, and pressure drop and heat transfer
experiments were conducted. The metal foam rings (NiCrAl – 71% Ni, 19% Cr, and
10% Al) supplied by Alantum Europe GmbH, Germany, have a cell size of 0.45 mm and
a porosity of 0.87; the latter is verified by the porosimetry test. The experiment reactor
consists of a steel tube with an inner diameter of 69 mm, capable of building a bed
height of 2000 mm. The reactor tube is surrounded by a circulating coolant oil, which
allows the hot gas supplied at the reactor inlet to cool down while flowing through the
packed bed. The gas temperature was measured by thermocouples spaced axially along
the center core of the bed with the aid of thermowell setup. A more detailed description
of experiment reactor, measurement setup and test procedure have been reported in ref.
[23].

The steady-state axial temperature experimentally measured along the bed center
is normalized by the inlet temperature Tin and the wall temperature Tw,z as T ∗

z =

(Tz,r=0 −Tw,z)/(Tin −Tw,z). Figures 6.8A–C show the dimensionless temperature profile
obtained for different mass flow rates – low to high. In all cases, manufactured foam rings
perform better than foam cylinders (configuration R2). When compared with ceramic
Raschig rings (configuration R1), the heat transfer performance is nearly the same,
except at higher flow rates, where foam rings slightly underperform, see Figure 6.8C.
The solid pellets cause strong deflection of fluid along bed interstitial spaces, thereby
enhancing convective heat transfer and lateral mixing at higher flow rates.

Figure 6.8D shows the comparison of experimental results of specific pressure drop
across beds of ceramic Raschig ring, foam cylinder and foam ring. The elongated foam
ring (AR = 2.5) with porous body results in significant reduction in pressure drop
compared with ceramic Raschig ring (configuration R1) and foam cylinder (configuration
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Figure 6.7: CFD results of (A) Non-dimensional pressure drop; (B) Non-dimensional
overall heat transfer coefficient; (C) Wall-fluid Nusselt number; (C) Ratio of effective
radial bed thermal conductivity to fluid conductivity [configuration C3].

R2). Since foam rings provide a lower pressure drop and a comparable heat transfer,
they can be considered as an alternative to solid pellets.

Figures 6.8A, B, C also show the CFD results of normalized center-line bed
temperature profiles for different mass flow rates. It should be noted that a lower bed
height of about 650 mm is considered for the CFD simulations to reduce computational
costs, while the experimental bed height is of 2000 mm, and the corresponding bed
temperature measured by the top thermocouples are used for the comparison. The
model validation and procedures have already been reported for the base case of
Ceramic Raschig ring and foam cylinder (configurations R1, R2), see [23]. Here, the
reliability of the developed PRCFD model is verified using experimental data from newly
manufactured foam ring (configuration M). Notably, the predicted temperature profiles
show good agreement with experimental data. At the higher flow rate, deviations are
noticeable by about 8%, mostly at end locations (see Figure 6.8C), and this trend is
almost similar for all pellet cases. This might be due to the bed-exit effect caused by a
relatively short numerical bed. As shown in Figure 6.8 D, the predicted pressure drop is
in good agreement with measurements, a difference of about 10% at Ûm ≈ 56.3 kgh−1 for
foam ring. Since experiments, numerical methods, and the unknown exact bed structure
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Figure 6.8: Experimental and CFD results of (A),(B),(C) dimensionless axial temperature
along normalized bed length for mass flow rates – 6.3, 18.8 and 56.3 kgh−1, respectively
(Top to bottom, Bed length L = 2000 mm, z∗ = z/L) and (D) Specific pressure drop across
bed.

are all embedded with certain degrees of uncertainty, it is reasonable to expect minor
deviations.

6.3.5 Performance assessment
Besides transport properties, additional parameters such as active surface area, structural
strength, ease of manufacture, and production costs also play a role in the choice
of catalyst shapes [66]. Indeed, the selection process is not straightforward due to
the contrasting nature of the requirements[21]. The quantities like pressure drop and
manufacturing cost should be low, whereas surface area, catalyst holdup, and heat
transfer ability should be high. Therefore, an optimum catalyst shape is a trade-off
between these competing characteristics.

For the easiness in comparison, a performance index (PI) is defined for each pellet
configuration based on the key performance parameters. Similar approaches have been
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reported in literature [71] for the optimization of solid pellet geometries. In this study, a
dimensionless PI is defined as:

PI =
(U ∗)w2 ·

(
S∗b

)w3
· (CI∗)w4

(∆P∗)w1 (6.14)

Where: ∆P∗ and U ∗ are non-dimensional pressure drop and overall heat transfer
coefficient; S∗b = Sb ×L, Sb is the total surface area of the catalyst bed per reactor volume
and L is bed length; CI is the catalyst inventory, calculated as the ratio of catalyst
mass to reactor volume, and CI∗ = CI/ρp with ρp = 2000 kgm−3 as the density of solid
ceramic pellet; w1, w2, w3, w4 are the importance factors assigned for pressure drop,
heat transfer coefficient , catalyst surface area, and catalyst inventory, respectively. The
catalyst bed properties, Sb and CI, are determined by assuming a bed height of 1 m,
keeping the reactor diameter of 69 mm. Table 6.2 provides the calculated bed properties
for each pellet configuration, and transport coefficients for Rep ≈ 2000. As this work
mainly focused on readying the foam pellets for high flow rate applications, performance
analysis is carried out for Rep ≈ 2000. Nonetheless, metal foam pellets can also be
considered for low flow rate applications like n-butane oxidation to maleic anhydride [72];
a brief performance assessment at Rep ≈ 500 is provided in Section S2 of Supplementary
document. Based on the mean bed void fraction, the number of pellets to build a bed of
height 1 m is estimated.

Table 6.2: Transport quantities. The pellet dimensions and foam properties are provided
in Table 1.
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For evaluating the performance of different foam pellet configurations with respect
to ceramic raschig ring, a relative performance index is defined as:

PIrel =
PIfoampellet

PIRaschigring
(6.15)

Accordingly, PIrel = 1 is for Raschig rings. It denotes a lower threshold such that
foam pellet configurations with PIrel > 1 indicate a better overall performance. Figure 6.9
shows PIrel for different foam pellet configurations, calculated with transport coefficients
for Rep ≈ 2000. When we assign equal importance factors for the pressure drop, heat
transfer, catalyst bed surface area, and catalyst inventory (i.e., w1 = w2 = w3 = w4 = 1),
all the pellet configurations have PIrel > 1. This is because metal foam pellets provide
high surface area and lower pressure drop compared to ceramic Raschig ring (see Table
6.2). It should be noted that, for determining the surface area ap of ceramic Raschig
rings, only the external geometric surface area is considered; however, in a real catalyst
particle, the actual surface area might be higher due to the micro porous structure
holding catalyst sites. The maximum PIrel ≈ 6 is obtained for foam rings with AR =
2.5 (belongs to configuration C3, Table 6.1), since they provide a relatively higher heat
transfer coefficient along with a lower pressure drop (see Table 6.2).

Figure 6.9: Relative performance index as per Equation (6.15) for different pellet
configurations ( w1, w2, w3, and w4 are the importance factors assigned for pressure
drop, heat transfer coefficient, catalyst surface area, and catalyst inventory, respectively.
Threshold indicates PIrel = 1. Pellet symbols are explained in Table 6.2 and corresponding
foam properties in Table 6.1.

For catalytic surface reactions, it is also very critical to maintain an appropriate
bed temperature level according to the corresponding chemical reactions. Hence, PIrel is
determined with a higher importance factor for the heat transfer coefficient, i.e., w2 = 2.
As shown in Figure 6.9, cylindrical foam pellets with low AR including 1-hole and
multi-hole foam pellets fall below the threshold level, due to low thermal performance
(see Table 6.2). Another drawback of foam catalysts is a lower catalyst inventory. Since
foams are highly porous, the solid content is very low and the catalytic active materials
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can be deposited only on the available strut surfaces as a thin layer [1]. PIrel values
calculated by considering higher importance factors for the heat transfer and the catalyst
inventory are also shown in Figure 6.9. Under these conditions, most of the investigated
foam pellet configurations underperform compared to Raschig ring, except foam rings.
The foam rings with reduced foam properties (configuration C3, Table 6.1) provide
comparable heat transfer and lower pressure drop, so they are able to compromise with
lower catalyst inventory.

In summary, foam rings, especially those with high ARs, are found to deliver better
overall performance under different conditions. Additionally, when choosing a preferred
catalyst shape, the specific requirements of the reaction in question should be taken into
account.

6.4 Conclusion
A virtual design platform based on a modified PRCFD approach was used to optimize
foam pellet shapes for improving radial heat transfer in slender packed bed applications.
This PRCFD method considers the influence of pellet geometry and fully resolves the
transport equations in the bed voids, whereas porous-media method simulates fluid
and energy transport inside fine features of foam pellets. The key transport quantities,
such as pressure drop, overall heat transfer coefficient, wall-fluid Nusselt number, and
effective radial bed conductivity were quantified for different pellet configurations.

By comparing the performances of various pellet shaping strategies, the following
conclusions can be drawn. Regardless of the reduction in pressure drop, the inclusion
of internal holes and external groves on cylindrical foam pellets with higher cell size
and porosity (ϕ = 1.2 mm, ε = 0.87) do not facilitate radial heat transfer. High aspect
ratios (AR = 2.5) in foam pellets have been found to increase the mean bed voidage
and enhance the lateral mixing, which lowers pressure drop and improves radial heat
transfer. When high aspect ratio (AR = 2.5) is used in foam rings with reduced cell
size and porosity (ϕ = 0.45 mm, ε = 0.82), a significant improvement in overall heat
transfer coefficient with a reasonable pressure drop is observed. The effective radial
bed conductivity is increased due to the rise in lateral fluid mixing in the packed bed
composed of foam rings. The superior performance of foam rings with AR = 2.5 has
been confirmed with pressure drop and heat transfer experiments. A closer look at
heat transfer parameters revealed that pellet geometry does not significantly affect heat
transfer mechanisms that occur close to the reactor wall, since the wall channeling effect
in a slender packed bed is almost unaffected by changes in pellet shapes. Based on
the overall performance evaluation, including transport coefficients and catalyst bed
properties (surface area and catalyst inventory), it has been identified that the foam ring
with AR = 2.5, ϕ = 0.45 mm, and ε = 0.82, is the optimal pellet shape, as it provides
higher performance index in all the investigated cases.

The adoption of optimized metal foam pellets in tubular reforming reactors can
be viewed as a process intensification strategy, when considering the energy savings
due to significant reduction in pressure drop. In future work, the proposed PRCFD
design platform will be upgraded to carry out reactive simulations in packed beds
with foam pellets. The specific reaction in question can then also be considered in the
overall performance analysis, so that the pellet shape can be optimized accordingly.
Furthermore, machine learning techniques can also be incorporated into this virtual
design setup to extract more insights from the vast amount of simulation data and
accelerate the optimization process.
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7
A simplified CFD approach for

modeling mass transport in open-cell
foam pellets

Abstract
Open-cell foams have been widely used as catalyst substrates for heterogeneous catalytic
reactions. Computational Fluid Dynamics (CFD) is considered as an efficient tool to
investigate the complex transport phenomena in such complex structures. This work
presents a simplified CFD approach to model mass transport including chemical reactions
in open-cell foam pellets. The catalytic foam is treated as a porous medium, and species
generation and consumption during chemical reactions are modeled using appropriate
source terms based on reaction rate expressions, and are further modified to account
for mass transport resistances. As an illustrative example, the catalytic CO oxidation
over platinum is simulated with the simplified CFD approach and compared with
experimental data from literature. Satisfactory agreement is found. A sensitivity study
on washcoat parameters such as thickness, tortuosity, porosity, and pore diameter is
further carried out.
Key words: open-cell foam; CFD; mass transport; CO oxidation; heterogeneous catalysis

7.1 Introduction
Open-cell foams are multifunctional materials, used in many engineering applications
[1–4]. Among them, a great deal of interest can be found in the use of ceramic and
metal foams as catalyst supports for heterogeneous catalytic reactions [5–7]. Since foams
possess superior properties of high porosity (75–95%) and high surface area, they provide
efficient mass transfer combined with a lower pressure drop in comparison to conventional
packed beds [8, 9]. In recent times, pelletized catalysts have also been made from alloyed
metallic foams, and identified as promising in tubular reactors [10–12].

A common method for chemically activating the foam substrate is by washcoating,
in which the active catalyst sites are dispersed within the washcoat layer [5]. The

This chapter contains unpublished results. A publication is intended in the future
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reactants diffuse into the porous washcoat and react on active catalyst sites, along with
the release or intake of heat, i.e., exothermic or endothermic reactions. The tortuous
flow path induced by the foam geometry and the accompanied convection-diffusion-
reaction mechanisms for mass transfer are rather complex to analyze. The transport
characteristics of foams have been experimentally investigated by many authors and
suitable correlations have been reported extensively for pressure drop [13–17] and heat
transfer [18–22], while mass transfer studies are rather limited [23–27].

Mass transport in open-cell foams has also been investigated numerically, via
Computational Fluid Dynamics (CFD), with different levels of detail on foam geometry
and chemical reaction modeling. Dong et al. [28] have conducted strut-resolved CFD
simulations for the oxidation of carbon monoxide in a Pt-coated foam monolith, and
validated with their own experimental data. They used X-ray micro-tomography to create
a realistic foam geometry and the catalytic chemistry was modeled by a microkinetic
reaction model. Although the microkinetic model is the most detailed approach that
considers elementary reaction steps on the catalytic surface, the coupling of microkinetics
to the CFD framework is very challenging and computationally expensive, mainly due to
the stiffness and non-linearity of the corresponding equations to be solved [29, 30]. Della
Torre et al. [31] have implemented a CFD model based on a coupled finite-volume and
finite-area method to describe mass transfer phenomena occurring in the fluid phase and
over the surface of catalytic open-cell foams. The foam geometry was approximated by
arranging a series of regular Kelvin cells in a row, and the catalytic combustion of CO
was considered by a kinetic model of Langmuir-Hinshelwood type. Wehinger et al. [32]
have presented an automated workflow for a detailed CFD simulation of open-cell foams.
The foam structure was generated by a foam modeler based on Voronoi tessellations.
They also illustrated the partial oxidation of methane in a foam monolith coated with
rhodium catalyst by applying a microkinetic reaction mechanism, but without considering
diffusion processes in the washcoat. Even though different CFD approaches for modeling
mass transport phenomena in open-cell foams have been presented, a method suitable
for a randomly packed bed composed of hundreds or thousands of foam pellets is lacking.
In this context, a much simpler approach compromising the computational cost is
necessary to deal with the great number of foam pellets. In addition, a reliable approach
should consider mass transport limitations, particularly the washcoat diffusion resistance
[33–35], which is, however, ignored in most of the studies.

In this work, a low-dimensional CFD approach is used to model the mass transport
in a washcoated open-cell foam. This paper extends our previous work [36, 37], where we
have presented methods to model the flow and the energy transport inside foam pellets,
for use in fixed-bed reactors. In this contribution, the catalytic foam is modeled as a
porous-medium, in which the production and consumption of species during catalytic
reactions are considered by appropriate source or sink terms, supported by relevant
kinetic models of Langmuir-Hinshelwood type. To account for mass transport limitations,
the concept of external and internal mass transport coefficients, proposed by Joshi et
al. [38], is adopted. For illustration, the oxidation of carbon monoxide on a platinum
supported foam monolith is simulated using the simplified CFD approach. The results
are validated with experimental data available in literature [28]. A sensitivity study is
also conducted for different washcoat parameters, such as thickness, tortuosity, porosity,
and pore diameter.
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7.2 Material and methods

7.2.1 Modeling mass transport
A low-dimensional approach to model the flow and energy transport inside open-cell
foam pellets was presented in prior work [36, 37]. The proposed framework was based
on the porous-media approach, where the inner foam structures such as struts and pores
were not resolved, but rather dependent on the appropriate sub-models to account for
pressure loss and thermal transport within foam pellets. Adhering to this porous-media
approach, a simplified method for simulating mass transport including chemical reactions
in a washcoated foam pellet is discussed in the following sections.

7.2.1.1 External and internal mass transport limitations

Since the foam pellets are highly porous, the reactants have direct access to the
washcoated struts on which the catalyst is deposited (see Figure 7.1 (A-B)). When
reactants diffuse into the porous washcoat, they undergo reactions, and the products
formed diffuse back to the fluid phase. The actual processing conditions, however, impose
different limitations on such transport phenomena [39]. By the classical approach, the
resistances to mass transfer can be evaluated with the concept of transport coefficients,
which are generally defined upon the assumption that the entire resistance resides
in a hypothetical stagnant film within which the concentration variation occurs [40].
Following this method, Joshi et al. [38, 41] have presented a two-film resistance model for
catalytic monoliths, which accounts for transport resistances in the gas phase and solid
phase (washcoat layer). Considering the similarity in underlying mechanisms, mainly at
the fluid-washcoat interface, the same method for structured monoliths is applicable to
catalytic foams, as adapted in ref. [42].

Figure 7.1 (C) illustrates the mass transport resistances in a catalytic foam. The
resistance for mass transfer in the gas phase resides in a thin film along the fluid-
washcoat interface, where the concentration drops from cup-mixing concentration Cfm to
fluid-washcoat interfacial concentration Cs. In this region, external mass transfer occurs,
and the corresponding external transport coefficient is kme. Similarly, the resistance to
internal diffusion in the washcoat region is described by a narrow fictitious washcoat zone,
where the interfacial concentration Cs drops to concentration Cwc inside the washcoat.
Cwc is a volume averaged concentration and assumed to be constant in the bulk of
washcoat. This internal mass transport can be represented by the internal mass transport
coefficient kmi.

As there is no accumulation of mass at the fluid-washcoat interface, the external and
internal transport coefficients can be related as [38]:

Ûn = kme (Cfm −Cs) = kmi (Cs −Cwc) (7.1)
When there are several resistances to mass transfer, the total mass flux is always
proportional to the overall resistance. Accordingly, an overall mass transfer coefficient
for the catalytic foam can be defined as [41]:

1
kmo
=

1
kme
+

1
kmi

(7.2)

Several studies have been conducted on the external mass transfer coefficient of
open-cell foams. Correlations for estimating kme based on foam structural parameters
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Figure 7.1: (A) Flow streamlines through a foam structure; Illustration of (B) washcoated
foam strut, (C) mass transport resistances.

have been presented in refs. [23–27]. In this work, the correlation proposed by Incera
Garrido et al. [25], Equations(7.3),(7.4), are used to determine kme.

She = 1.0 · Refoam · Sc1/3 · Fg (7.3)

kme =
SheDf
lfoam

(7.4)

Here, She is the external Sherwood number; Refoam = (ρfvslfoam) /µf is foam Reynolds
number based on the characteristic length scale lfoam = a +ds , with pore size a and strut
diameter ds; vs is the superficial velocity of fluid or mixture with density ρf and dynamic
viscosity µf ; Sc = µf/ (ρfDf ) is the Schmidt number and Df is the molecular diffusivity in
the fluid phase; Fg = ((lfoam[m])/(0.001 [m]))0.58 · ε0.44

foam is the foam geometrical parameter
relating foam porosity εfoam. It should be noted that [m] in the equation of Fg denotes
the unit meter, see [25] for the detailed formulation of Equation (7.3).

To estimate the internal mass transfer coefficient kmi, the correlation, Equations
(7.5),(7.6), proposed by Joshi et al. [38] is used.

Shi = Shi∞ +
ζ Γ2

1 + ζ Γ (7.5)

kmi =
ShiDe
lwc

(7.6)
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where: Shi is the internal Sherwood number; Shi∞ is the asymptotic internal Sherwood
number obtained in the limit of a slow reaction; ζ is a constant, dependent on washcoat
geometry and kinetic parameters; Γ is the Thiele modulus; lwc is the characteristic length
scale for washcoat and it is defined as the ratio of washcoat cross-sectional area to the
interfacial perimeter. Joshi et al. [38, 41] have provided the numerically computed values
of Shi∞ and ζ for different washcoat geometries. Table 7.1 lists Shi∞, ζ and lwc of selected
washcoat shapes, which are considered in this work.

Table 7.1: Characteristic length scale lwc, asymptotic internal Sherwood number Shi∞,
and shape constant ζ for different washcoat shapes (from refs.[38, 41]).

A generalized equation of the Thiele modulus Γ for a reaction with an order p is
given by [43]:

Γ = lD

√
p + 1

2

√
kRC

p−1
fm

De
(7.7)

For washcoated foams, the diffusion length or shape factor lD = lwc [38, 42]. De is the
effective diffusivity of the reactant in the washcoat, and kR is the average reactivity.
Assuming a first-order kinetics, Equation (7.7) can be simplified as [38]:

Γ2 =
kRl

2
wc

De
(7.8)

The effective diffusion coefficient of species i in the washcoat is given by [33]:

1
De,i
=
τwc
εwc

(
1

Dknud,i
+

1
Di

)
(7.9)

where, τwc and εwc are the washcoat tortuosity and porosity, respectively. The Knudsen
diffusion coefficient Dknud,i is determined by using an average washcoat pore diameter
dwc and the species molecular weight Mi as [33]:

Dknud,i =
dwc
3

√
8RT
πMi

(7.10)
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Makhania and Upadhyayula [34] have stated that the tortuous foam geometry
stimulates the diffusion of species into the washcoat, which should also be considered in
determining De. They used foam tortuosity τfoam instead of washcoat tortuosity τwc to
estimate De, and calculated the Thiele modulus and effectiveness factor. By this way,
a better agreement between theoretical equations and detailed simulations has been
found.

Accordingly, Equation (7.9) to determine De is modified to account for the influence
of foam tortuosity τfoam and foam porosity εfoam as:

1
De,i
=
τwc
εwc

(
1

Dknud,i

)
+
τfoam
εfoam

(
1
Di

)
(7.11)

The tortuosity of an open-cell foam can be estimated by [16]:

τfoam = 1 + Φ
[
1 − 0.971(1 − εfoam)0.5

]
4εfoam(1 − εfoam)0.5

(1 − εfoam) (7.12)

where Φ is the strut shape factor; for the cylindrical strut Φ ≈ 4.87 [16].
The concept of the internal Sherwood number and its formulation have been explained

in detail in the refs. [38, 41, 44, 45].

7.2.1.2 Apparent reaction rate

To determine the actual or apparent reaction rate, the intrinsic reaction rate should
be adapted with mass transfer resistances. In modeling foam based catalyst converters,
Hayes et al. [46] have presented a method to derive the apparent reaction rate. The
same method was followed in this study.

Considering kR,i as the intrinsic reaction rate, the average reaction rate R̄i of species
i in terms of mass fraction in the washcoat Yi,wc is:

R̄i = kR,iρfYi,wc (7.13)
The total mass transfer into the bulk fluid phase and the bulk reaction rate in the
washcoat can be related as:

Ûm = kmoavρf
(
Yi,f m − Yi,wc

)
= kR,iρsYi,wc (7.14)

where, kmo is the overall mass transport coefficient as per Equation (7.2), Yi,f m is the
mass fraction of species i in the bulk phase (see Figure 7.1 (C)). The interfacial area per
unit volume av is assumed to be equal to the specific geometric surface area of the foam
catalyst, estimated by an empirical model [25]:

av = 3.84 (lfoam)−0.85 ε−0.82
foam (7.15)

lfoam = a + ds , with pore size a and strut diameter ds .
On rearranging Equation (7.14), a relationship between the mass fraction in the bulk

fluid phase and bulk washcoat can be obtained as:

Yi,wc =

(
kmoavρf

kR,iρs + kmoavρf

)
Yi,fm (7.16)
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Substituting Equation (7.16) into Equation (7.13) yields the apparent average
reaction rate of species i in the washcoat:

R̄i,app = kR,i

(
kmoavρf

kR,iρs + kmoavρf

)
                                                

kapp,i

ρfYi,fm = ki,appρfYi,fm (7.17)

The apparent rate constant kapp,i can be written as:

1
ki,app

=
1
kR,i
+

ρs
kmoavρf

(7.18)

For heterogeneous catalytic surface reactions, the intrinsic kinetics can be determined
experimentally, and the intrinsic rate equations or models can be derived, primarily
by using the Langmuir Hinshelwood-Hougen Watson (LH-HW) approach [47–49]. A
common form to calculate the intrinsic rate constant of species i, kR,i in [s−1] is:

kR,i =
NR∑
j=1

(
αijrj

)
Mi (7.19)

where: NR is the number of reactions, αij is the stoichiometry coefficient of species i in
the reaction j, rj is the reaction rate in [mol g.cat−1s−1], Mi is the molecular weight of
species i in [mol g−1].

Using Equation (7.18), kR,i obtained from kinetic models can be modified to kapp,i ,
which includes the effect of mass transfer resistances. Accordingly, an apparent source
or sink term for the production or consumption of species i upon chemical reactions in
a catalytic foam of density ρs is given by:

Si,app = ρski,app (7.20)

7.2.2 Illustrative example
For the illustration of the mass transport modeling approach mentioned above, the
oxidation of carbon monoxide in a Pt-coated foam catalyst monolith, provided by Dong
et al. [28], was chosen. The authors have measured the axial species concentration and
temperature profiles along the center core of a foam monolith under CO oxidation on
Pt nanoparticles. The Pt-coated α −Al2O3 foam catalyst has a length of 20.1 mm and a
diameter of 16 mm. It was inserted into a silica reactor tube having an inner diameter
of 18 mm. At the center core of the foam, a small channel of about 1 mm was drilled to
place a sampling capillary of about 700 µm outer diameter, which has a sampling orifice
of about 100 µm. Dong et al. [28] have also conducted strut-resolved CFD simulations, in
which the foam structure was digitalized by X-ray micro-tomography and the catalytic
chemistry was modeled by a microkinetic reaction model of Deutschmann et al. [50]. A
detailed description on experimental setup, measuring procedures, and numerical study
can be found in the refs. [28, 51].

In accordance with the experimental reactor, a setup for CFD simulations was realized
as shown in Figure 7.2 (A). The CFD domain was composed of fluid and porous region,
with the porous region representing the foam catalyst. The meshing was carried out
using Siemens Simcenter STAR-CCM+ version 16.06, with polyhedral cells in the bulk
region and prism-layer cells at wall-boundary regions, see Figure 7.2 (B) The total cell
count was about 78,000. At the inlet, uniform velocity and temperature were assumed.
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No-slip wall boundary condition was assigned to the reactor tube wall, foam surface and
capillary wall. The reactor wall and the capillary wall were set as adiabatic. A pressure
outlet boundary condition was assigned at the outlet of the simulation domain. Table
7.2 lists the inlet gas composition and other boundary values. The relevant properties of
the foam and the washcoat are provided in Table 7.3.

Figure 7.2: (A) Simulation setup and boundary conditions; (B) Mesh details.

Table 7.2: Simulation parameters (from ref. [28])

Feed compositions (in mole fraction):
CO 0.133
O2 0.066
Ar 0.736
He 0.065

Inlet velocity, vs [ms−1] 0.269
Inlet temperature, Tin [K] 1490
Reference pressure [bar] 1
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Table 7.3: Properties of foam and washcoat (from refs. [28, 33])

Foam parameters:
Cell size, ϕ [mm] 1.35 ± 0.09
Pore size, a [mm] 0.65 ± 0.09

Strut size, ds [mm] 0.35 ± 0.09
Porosity, εfoam 0.73 ± 0.02

Washcoat parameters (reference case):
Porosity, εwc 0.35

Tortuosity, τwc 3.5
Pore diameter, dwc [nm] 10

Thickness [µm] 5
Washcoat shape Annulus

The flow condition was assumed to be laminar and simulations were carried out at
steady-state upon solving the governing equations by the finite-volume method, using
Siemens Simcenter STAR-CCM+ version 16.06. A detailed description on fundamental
equations can be found elsewhere [52, 53]. The transport equations relevant to the
porous domain (foam catalyst) are briefly discussed [54].

Continuity equation: ∮
A
εfoamρv · da = 0 (7.21)

where: v is the physical or true velocity in the porous medium with poroisity εfoam, a is
the area vector.

Momentum equation:∮
A
εfoamρv⊗v·da = −

∮
A
εfoampI·da+

∮
A
εfoamT·da+

∫
V
εfoamfbdV +

∫
V
εfoamfpdV +

∫
V
Smu dV

(7.22)
where: ⊗ denotes the outer product, p is pressure, T is the viscous stress tensor, I is the
Identity tensor, fb is the resultant of body forces.

The porous resistance P = P · vs , with the resistance tensor P = Pv + Pi |vs |. The
viscous resistance tensor Pv and the inertial resistance tensor Pi were defined by the
Lacroix correlation [14], Equations (7.23),(7.24), based on the foam structural parameters
such as cell size ϕ, pore size a, strut diameter ds , and porosity εfoam, see [36] for details
and validation. The superficial velocity vs is related to the true velocity as vs = εfoamv.

∇p
L
= A (1 − ε)2µ

ε3 (1.5ds)2
vs + B (1 − ε)ρ

ε3 (1.5ds)
v2
s (7.23)

ds =
a
[ ( 4

3π
)
(1 − ε)

] 1
2

1 − a
[ ( 4

3π
)
(1 − ε)

] 1
2

(7.24)

Energy equation:
Based on the concept of thermal equilibrium in a porous domain (Tfluid = Tsolid), the

energy equation is given by:∮
A
εfoamρfluid Hfluid v·da =

∮
A
λeff ∇Tfluid ·da+

∮
A
εfoamTfluid ·v·da+

∫
V
εfoamfb ·vdV+

∫
V
SeudV

(7.25)
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where: Hfluid is total enthalpy of fluid, Seu is energy source term. According to Schuetz
and Glicksman [55] model, the effective foam thermal conductivity λeff is given by:

λeff,SG = ελfluid + (1 − ε)13λfoam,b (7.26)

where: λf is fluid conductivity and λfoam,b is bulk foam conductivity, see [37]for a detailed
explanation. The amount of heat released or consumed during a catalytic reaction is
defined in the energy source term as [56, 57]:

Seu = ρs

NR∑
j=1

rj
(
−∆Hj

)
(7.27)

where, ρs is the density of foam pellet, rj and ∆Hj are the reaction rate and the heat of
reaction for reaction j, respectively, and NR is the number of reactions.

Conservation of species i:∮
A
(ρYiv) · da =

∮
A
Ji · da +

∫
V
Si,appdV (7.28)

where, Yi =mi/m is the mass fraction of species i with mass mi and total mixture mass
m. The molecular diffusive flux Ji based on mixture-average formulation and for a porous
medium is:

Ji = ρf
εfoam
τfoam

N∑
j=1

Di,j∇Yj (7.29)

where: ρf is the fluid or mixture density and tortuosity of foam pellet, Di,j is the multi-
component diffusion coefficient for species i and component j. To determine the apparent
source term Si,app (Equation (7.20) and heat source Seu (Equation (7.27)) for the oxidation
reaction of CO on supported platinum, the kinetic rate expression from Shishu and
Kowalczyk [58] was used. The kinetic parameters for the rate equation Equation (7.30)
is provided in Table 7.4, where pi is the partial pressure of species i.

r =
kKC0KO2pCOpO2(

1 + KCOpCO + KO2pO2

)2 (7.30)

Table 7.4: Kinetic parameters (from ref. [58, 59]

k [mol kg.cat−1s−1] KC0[Pa−1] KO2[Pa−1]
1.4 · 106e−45400/RT 2.1 · 10−5e−10600/RT 1.3 · 10−9e24830/RT

7.3 Results and Discussion

7.3.1 Comparison of experiment and simulation
The experimental data provided by Dong et al. [28] is used to verify the simulation results.
Figure 7.3 (A) shows the comparison of species mole fractions at the center core of the
catalytic foam along the axial direction. In the simulation, an annulus washcoat shape
with a uniform washcoat thickness of 5 µm is assumed, which results in an outer-to-inner
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Figure 7.3: Comparison of (A) species mole fraction along normalized axial length
(z∗ = z/L; L = 20.1 mm) – Experimental data (dots) and CFD (lines), (B) simulated
temperature profiles – this work (line) and strut-resolved CFD (dots) from Dong et al.
[28].

annulus ring ratio of R2/R1 = 1.01 (see Section 7.2.1.1). The corresponding modeling
parameters are chosen from Table 7.1, and other washcoat properties are as in Table 7.3.

The agreement between the simulated and measured species profiles is satisfactory.
The inlet of the foam catalyst is at z∗ = 0, and the deviations are higher at upstream
(z∗ < 0) and entry (0 < z∗ < 0.38) regions. The observed deviations might be due to the
difference in setups of experiment and CFD. In the experiment, non-catalyzed foam
monoliths were placed on either sides of the active catalyst foam to reduce radiative
heat losses, see [28]. These inert foams were not considered in the simulation to limit
computational costs. However, the presence of a bare foam upstream could influence the
velocity, temperature, and species profiles at the catalyzed foam inlet. Moreover, the
simulated species profiles in Figure 7.3 (A) are the average of mole fractions along the
capillary surface. In contrast, the measured data are localized values at the sampling
orifice and they might be affected by the local variations in foam inner features, i.e., pores
and struts, see [28]. Nevertheless, such local foam structural effects are not replicated in
this simplified CFD model.

A comparison of center-line temperature profile obtained by the strut-resolved CFD
in ref. [28] and the simplified approach, i.e. porous-media, is shown in Figure 7.3 (B).
The observed trend is similar, as the maximum temperature spot is almost aligned with
the position of the highest reaction rate in the foam catalyst. The difference in peak
temperature between detailed and simplified simulations is only about 2%. Overall, the
simplified CFD predicts a slightly lower temperature profile than strut-resolved, and the
difference is higher at the catalyst foam inlet (z∗ = 0). It should be noted that thermal
radiation effects are not taken into account in the porous-media CFD approach, whereas
the strut-resolved CFD in ref. [28] considers the radiation effects of foam material,
capillary, and reactor wall by employing a surface-to-surface reaction model. Recall that
a low-dimensional thermal-equilibrium concept is adopted in this study. To include local
heat transfer between strut surfaces and fluids, as well as thermal radiation effects in
this CFD framework, appropriate sub-models are needed, which require further detailed
studies. Considering the enormous effort and computational costs required for detailed
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simulations like strut-resolved, the results of the proposed simplified CFD approach
appear promising.

It should be emphasized that the main aim of this validation procedure is to check
the functionality of the proposed model. For a good agreement, some more aspects
of the experiments must be considered, i.e., heat loss (non-isothermal experiments)
across the tube wall, heat conduction and radiation in axial direction into front and end
heat shields (additional ceramic foams), description of the catalyst composition used,
and suitable kinetics. Detailed information about this will be included in an upcoming
publication related to this study.

7.3.2 Effect of washcoat shapes
As explained in Section 7.2.1.1, one of the critical parameters in defining the internal
mass transport coefficient is the washcoat shape. To investigate the influence of washcoat
shapes, simulations are conducted by assuming washcoat shapes of annulus and hexagon,
keeping the flow area to be circular, see Table 7.1. For hexagonal shape, the ratio of side
length to inner circle radius was assumed to be s/R = 1.2, with an average washcoat
thickness of 5 µm, while the same parameters as in section 7.3.1 were considered for the
annulus washcoat shape. The modeling parameters were selected from Table 7.1, and
the rest of washcoat properties were kept same as in Table 7.3.

Figure 7.4 (A) shows the comparison of CO2 profiles for different washcoat shapes.
It is inferred that the reactivity is higher for the annulus washcoat shape. As shown in
Figure 7.4 (B), the conversion of CO drops by about 2.2% in considering a hexagonal
washcoat shape. The internal mass transfer coefficient is dependent on the effective
diffusion length and its distribution along the fluid-washcoat interface. In the case of an
annulus shape with a uniform washcoat thickness, the spread in the diffusion length
around the wetted perimeter is identical, thereby providing a similar diffusion path for all
the molecules at the fluid-washcoat interface. This results in a high internal mass transfer
coefficient. On the contrary, the washcoat thickness is non-uniform in the hexagonal
washcoat, therefore the reacting species are subjected to different diffusion lengths along
the fluid-washcoat interface. This leads to an increase in internal mass transfer resistance.
Joshi et al. [38] have determined numerically the asymptotic Sherwood numbers for
different washcoat shapes and have found that the maximum value is for the annulus
shape with a uniform washcoat thickness, whereas the minimum is for hexagon. Despite
this, a non-uniform catalyst distribution could yield a higher internal mass transfer
coefficient, when catalysts are deposited in multiple layers and in such a way that a
higher catalyst distribution is in the zone very near the fluid-washcoat interface [38].

7.3.3 Effect of washcoat thickness
The influence of washcoat thickness on mass transport is examined for 5 µm, 50 µm,
and 100 µm, assuming an annulus washcoat shape, with R2/R1 = 1.01, 1.2, and 1.5,
respectively. The corresponding values of Shi∞ and ζ are selected from Table 7.1. Figure
7.5 (A) shows CO2 profiles for different washcoat thickness. The internal mass transfer
resistance increases with larger washcoat thickness, resulting in low reactivity. As shown
in Figure 7.5 (B), the conversion of CO drops by about 4%, when the thickness of
washcoat is increased from 5 µm to 100 µm. By increasing washcoat thickness, the
diffusion path increases and the active catalyst sites deep inside the washcoat layer
become harder to access, thereby lowering the internal mass transfer coefficient. At
the same time, the amount of catalyst holdup decreases while the washcoat becomes
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Figure 7.4: Comparison of (A) CO2 profiles along normalized axial length (z∗ = z/L;
L = 20.1 mm) and (B) percentage conversion of CO for different washcoat shapes (washcoat
shape parameters are from ref. [38]).

thinner. Hence, it is likely that an optimum washcoat thickness relevant to a specific
reaction exists, which provides the peak conversion rate, see e.g. [60] for an application
of an optimal washcoat thickness for a monolith reactor for syngas production by partial
oxidation of methane.

Figure 7.5: Comparison of (A) CO2 profiles along normalized axial length (z∗ = z/L;
L = 20.1 mm) and (B) percentage conversion of CO for different washcoat thicknesses.

7.3.4 Effect of washcoat tortuosity, porosity, and pore diame-
ter

Since washcoat properties such as tortuosity, porosity, and pore diameter are difficult
to quantify precisely, a certain degree of uncertainty is always inherent in them. It is
therefore worthwhile to examine the sensitiveness of the washcoat parameters. Figures
7.6 (A, B) show the influence of different tortuosity-to-porosity ratios τwc/εwc on CO2
profile and overall conversion, respectively. For all cases, an annulus washcoat shape with
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a uniform thickness of 100 µm is assumed. It is evident that the conversion decreases
with an increase in τwc/εwc. Higher tortuosity causes an increase in the effective diffusion
length, resulting in a lower internal mass transport coefficient. On the other hand,
increasing the porosity of the washcoat reduces the resistance to the diffusion of reacting
species into the washcoat, subsequently increasing the effective diffusion coefficient, see
Equation (7.11).

Figures 7.6 (C, D) show the effect of washcoat pore diameters dwc on CO2 profile and
conversion, respectively. With an increase in dwc from 5 nm to 50 nm, CO conversion
increases by about 6.5%. The Knudsen diffusion increases with increasing dwc via.
Equation (7.10), which results in a higher effective diffusion coefficient and internal mass
transfer coefficient; similar observations have been reported in ref. [33].

Figure 7.6: (A, C) Comparison of CO2 profiles along normalized axial length (z∗ =
z/L; L = 20.1 mm) for different washcoat tortuosity to porosity ratios and washcoat
pore diameters, respectively; (B, D) Percentage conversion of CO for different washcoat
tortuosity to porosity ratios and washcoat pore diameters, respectively.
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7.4 Conclusion
A simplified CFD method was used to model mass transport phenomena in washcoated
open-cell foams. The foam catalyst was assumed to be an isotropic porous-medium, in
which sub-models were used to account for the flow and energy transport inside foam
structures. The rate of formation and consumption of species during catalytic reactions
was defined by appropriate source or sink terms based on kinetic rate equations. The
external and internal mass transfer resistances occurred in the fluid-washcoat interface
and within the washcoat layer were considered by adapting the source and sink terms.
The catalytic CO oxidation is studied illustratively. The simulated species profiles were
compared with experimental data from literature, and the agreement was satisfactory.
The sensitiveness of washcoat properties was also verified and found to be physically
meaningful. By increasing the washcoat thickness and tortuosity, the internal mass
transfer coefficient decreases due to a higher effective diffusion length in the washcoat.
On the other hand, increasing the washcoat porosity and pore diameter, results in a
lower diffusion length, subsequently increasing the internal mass transfer coefficient.

This simplified approach is particularly valuable for the simulation of larger reactors,
e.g., packed beds made of foam pellets or larger foam monoliths, where the internal
structure of the foam cannot be resolved for cost reasons.
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8
Summary and Outlook

8.1 Summary
In tubular fixed-bed reactors, pelletized open-cell metallic foams are considered to be
a superior choice of catalyst support. In this thesis, a reliable Computational Fluid
Dynamics (CFD) approach to analyze the transport processes, mainly flow and heat
transport, in slender tubular reactors composed of metal foam pellets has been presented.
This CFD framework belongs to the category of particle-resolved CFD (PRCFD) that
considers the actual bed geometry; however, it has been modified to account for the flow
and energy transport inside the highly porous foam pellets. The transport quantities
along the interstitial spaces are fully resolved, whereas flow and heat transport within
the foam pellets are modeled by the porous-media approach with appropriate closure
equations. The viscous and inertial resistances encountered by the fluid flowing through
the foam pellets are defined by the Lacroix correlation (ref. [39] in Chapter 3), which
is formulated based on foam structural parameters, such as cell size (ϕ), porosity (ε),
and strut size. The energy transport inside the foam pellets is modeled by a simplified
approach of thermal equilibrium between the fluid and the solid phase, supported with
an effective thermal conductivity model of a foam structure with fluid flow (see Chapter
4). By this modified PRCFD approach, the computational time and efforts are reduced,
and at the same time, the quality of the PRCD approach to account for the influence
of pellet geometry and local bed structure effects is retained. To validate this PRCFD
model, suitable reactor setups were constructed to measure the pressure drop and the
axial bed temperature. The validated PRCFD model is used to optimize the foam pellet
shape and morphology, yielding lower pressure drop and improved radial heat transport.
Several study phases have been undertaken in order to achieve the objectives of this
thesis, including experiments (carried out mostly by CUTEC at TU Clausthal), CFD
model development, validations, and pellet shape optimization.

In the first phase, a PVC tubular reactor equipped with pressure taps was built
to measure the pressure drop. The flow of nitrogen gas through fixed-bed structures
made of ceramic Raschig rings and cylindrical metal foam pellets (ϕ = 1.2 mm, ε = 87%)
was investigated, and the corresponding tube-to-particle diameter ratio was D/dp ≈ 7.
The pellets were loaded into the reactor column using a commercial catalyst loading
device. An experimental campaign was carried out for – (1) pressure drop measurements
across different bed segments; (2) mass flow rates in the range of 5–45 Nm3h−1; (3)
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repeated trials for different flow conditions, and bed structures by loading and unloading
the same pellets. The repeatability of the measured data is verified to be < 1%, and
the use of the catalyst loading device has also ensured the sufficient reproducibility of
the bed structure, as the difference in pressure drop measurements for different bed
structures was < 3.5%, even for the maximum flow rate of 45 Nm3h−1. It proved that the
experimental setup is reliable. From the comparison of experimental data, it is revealed
that foam pellets provide significant reduction in pressure drop compared with ceramic
Raschig ring, about 50% at a flow rate of 45 Nm3h−1. The highly porous foam pellets
cause significant intra-particle flow, thereby yielding a lower pressure drop. The pressure
drop data was then used to verify the PRCFD simulations. For the Raschig ring bed,
the pressure drop predicted by the established PRCFD approach exhibited an excellent
agreement, while the modified version of PRCFD for the metal foam pellets showed a
deviation of about 16-30%. There are several possible reasons for this discrepancy, such
as uncertainties in the foam structural parameters, manufacturing artefacts like closed
and roughened cells on the outer faces of the pellets, and the random arrangement of
foam pellets is different from a structured setup which is used for the formulation of the
Lacroix correlation. To account for all these effects, a correction factor is lumped into the
original porosity term of the Lacroix equation as (ε ′ = 0.977.ε). By this way, deviations
with respect to experimental data are reduced to < 10%, which is reasonable on taking
into account the inherent uncertainties in experiment and numerical procedures.

In the second phase, a steel tube reactor (replica of PVC reactor in pressure drop
experiments) was used to analyze the thermal performance. The pre-heated nitrogen
gas flowing through the bed was cooled by oil circulated along the tube wall. The
steady-state axial bed temperature along the center core of the bed was measured with
a thermowell setup composed of several thermocouples, and for different mass flow rates
(5–45 Nm3h−1) and inlet temperature (100-250°C), resulting in ∼ 270 < Rep <∼ 2700.
The uncertainties in temperature measurements were estimated to be about 3%. The
PRCFD simulations were conducted for a shorter bed height of about 650 mm. The
temperature profiles of the Raschig ring bed predicted by the conventional PRCFD show
good agreement with experimental data. The deviations slightly increase at higher flow
rates, mainly at the monitored locations near the bed exit. This is however attributed
to bed length effects, since a short bed length was used in the PRCFD model. The
maximum deviation is within the reasonable limit of < 5%. For the metal foam pellets,
the temperature profile predicted by the modified PRCD shows a very good agreement,
with maximum deviation of about 4%. On comparing the thermal performance, the
Raschig ring and metal foam beds behave similar at lower flow rates (Rep ≤ 270), while
the metal foam beds underperform at higher flow rates. At Rep ≈ 2500, the overall heat
transfer coefficient of Raschig ring bed is almost twice as much as that of metal foam
bed. The radial heat transport is regulated by conduction at lower flow rates, whereas
the convective heat transfer mechanism supported by the lateral fluid mixing plays
a major role at higher flow rates. The local deflection and detachments of the fluid
around the particles and through interstitial spaces are higher in the Raschig ring bed. In
contrast, the highly porous foam pellets allow significant internal flow, thus hampering
the intensity of lateral fluid mixing around the pellets. It is identified that foam pellet
shapes should be optimized to enhance the thermal performance at higher flow rates. By
virtue of experimental and simulation results, along with the aid of pseudo-homogenous
heat transport model, the effective heat transport parameters, such as effective radial
bed conductivity (Λer) and wall-fluid Nusselt number (Nuw), have been derived for
the slender fixed-beds made of cylindrical foam pellets, applicable for flow conditions:
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∼ 270 < Rep <∼ 2700, Pr ≈ 0.7.

Λer/λf = 5.0 + 0.1Re0.787
p

Nuw = 2.12Re0.414
p

In the final phase, the optimization of foam pellet shape and morphology was carried
out to achieve a trade-off between pressure drop and heat transfer performance. Since
large-scale processes like steam methane reforming are operated at high mass flow
rates, the catalyst manufacturer (Alantum Europe GmbH, Germany) was particularly
interested in verifying the performance of the optimized pellet shape at higher Rep ≈ 2000.
A parametric analysis was conducted to investigate the influence of foam properties such
as cell size, porosity, and intrinsic conductivity on flow and heat transport characteristics
of a fixed-bed made of cylindrical foam pellets. It is revealed that the pressure drop and
the overall heat transfer coefficient decreases upon increasing the cell size and porosity,
indicating a mutual-contradiction of the desired requirements, i.e. reduction in pressure
drop is beneficial, whereas the degradation of thermal performance is not favorable. It is
also observed that the influence of intrinsic foam conductivity on radial heat transport is
negligible at higher flow rates, where the convective heat transfer mechanism is dominant.
To find the optimal foam pellet, different pellet configurations such as pellet with inner
holes, external grooves, and varied aspect ratios, as well as different foam morphologies
(cell size ϕ and porosity ε) were considered. Then, a performance evaluation was carried
out on the basis of desirable requirements such as low pressure drop, high heat transfer
coefficient, increased surface area, and high catalyst inventory. The foam ring with the
aspect ratio of 2.5 and ϕ = 0.45 mm, ε = 0.82 is identified to bear a higher performance
index under the investigated operating conditions, ∼ 250 < Rep <∼ 2250. This optimal
pellet shape is verified by additional pressure drop and heat transfer experiments.

A simplified CFD approach to model mass transport in open-cell metal foam pellets
was also presented. The concept of external and internal Sherwood numbers was adopted
to account for the external and internal mass transfer resistances inside open-cell metal
foam pellets for catalytic packed bed reactors. The functionality of the proposed model
is verified illustratively using experimental data for the catalytic CO oxidation from
literature, and the model predictions are found to be physically meaningful. Despite
this, detailed experiments in a fixed-bed reactor setup, including characterization of
catalyst composition in the washcoat, as well as suitable kinetic models, are necessary
for the further verification and improvement of this mass transfer modeling approach in
catalytic fixed-beds made of foam pellets.

8.2 Outlook
The proposed CFD model with the porous-media approach at pellet-scale significantly
reduces computational power requirements and model complexities. However, it is not
capable of evaluating the influence of foam features, such as strut shapes, inner tortuosity,
and the like. Very detailed simulations like strut-resolved CFD are necessary to analyze
the transport characteristics inside cellular structures. In fact, it is cumbersome to
include such a detailed approach in fixed-beds with many pellets. The sectional modeling
approaches like wall-segments could be considered for such detailed analysis.

In this modeling framework, the foam pellets are assumed to be isotropic, and
therefore any anisotropy were not considered in pressure loss and thermal conductivity.
To a certain extent, such local foam characteristics like anisotropy are not predominant
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in a randomly fixed-bed setup, since the flow path is not only through the pellets and
the major flow path is still around the pellets. Moreover, the role of pure thermal
conduction is limited to very low flow rates. However, the manufacturing methods of
foam pellets such as localized sintering process to join different foam layers could add
up the significance of anisotropy effects. It is therefore necessary to develop suitable
correlations in pseudo-continuum models that include anisotropic effects in pressure
drop and effective thermal conductivity, relevant to random packings.

The thermal equilibrium approach is another simplification used in modeling heat
transport inside foam pellets. This approach is reasonably acceptable for the highly
porous foam, in which the solid content is only about 10–15%, and struts are very
thin, typically 0.3–0.5 mm. To introduce more realistic approaches like thermal non-
equilibrium, additional sub-models, which define heat transfer coefficient between foam
struts and the fluid are necessary. Detailed studies are recommended to develop such
models applicable for fixed-bed setups.

For further development of the mass transfer modeling, including chemical reactions,
in fixed-beds with foam pellets, appropriate experimental studies are required. By
incorporating reaction modeling in this CFD framework, the specific reaction in question
can also be considered in optimizing the foam pellet shape.
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A.1 Pressure drop experiments in single metallic
foam particle

Introduction
In this supporting information, the details of pressure drop experiments in a metallic
foam particle are presented. This pressured drop data is used to validate the Lacroix
correlation [1], which in turn has adopted as the porous media model to account for the
pressure loss inside the individual foam pellets in a full bed. Detailed information about
the modeling approaches can be found in the main article.

Experimental setup
The test facility was a square channel–15 mm x 15 mm, made of acrylic. As shown
schematically in Figure A.1a, the test setup consists of a flow controller, thermocouples
and pressure sensors. The foam sample was placed inside the channel cavity and the
compressed air regulated by the flow meter was allowed to flow through the channel and
the foam sample. The pressure and temperature at the entry and exit points across the
foam particle were measured by pressure transducers and thermocouples, respectively.
All the sensors have a rated accuracy of ±0.25% FS.

The experiments were conducted at atmospheric pressure and the ambient tempera-
ture of about 20°C. The pressure drop data was collected for different mass flow rates
and the corresponding superficial velocities were in the range of 0-10 m/s, which were
calculated based on the hydraulic diameter of 15 mm, along with the ideal gas law
connecting temperature and density.

This is supporting document of publication: George GR, Bockelmann M, Schmalhorst L, Beton D,
Gerstle A, Torkuhl L, Lindermeir A, Wehinger GD. Workflow for computational fluid dynamics modeling
of fixed-bed reactors packed with metal foam pellets: Hydrodynamics. AIChE J. 2023;69(1):e17284.
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Figure A.1: (a) Schematic representation of the test setup; (b) Sample foam pellets
and (d) Image of the real test facility [Reproduced by the permission of IFAM Dresden,
Germany].

Results and Discussion
The measured pressured drop is normalized by the foam thickness parallel to the flow
direction to obtain specific pressure drop as shown in Figure A.2 for three test samples.
The difference in the pressure drop between the foam samples is negligible.

Figure A.2: Specific pressure drop measured in different foam samples and comparison
with the predicted pressure drop by the Lacroix equation (Samples 1, 2, and 3 denotes
three foam samples).

A comparison of pressured drop predicted by the Lacroix correlation is also carried
out. For the details on the formulation of Lacroix correlation, see Equations (3.2)-(3.4)
in the main article. As depicted in Figure A.2, the predicted pressure drop is in excellent
agreement with the experimental data. It should be noted that the same Ergun constants
of 150 and 1.75 are used in the viscous and inertial terms, respectively. However, the
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geometric constants in the pressure drop equation take the actual foam characteristics
into account.

Conclusion
The Lacroix equation is found as adequate to model the pressure loss inside a single
metal foam pellet. At the same time, flow field in a fixed-bed composed of several
foam pellets is not the same, since the main flow path is around the particles. The
roughened wall surfaces combined with the fine foam structures might induce additional
flow artefacts that are difficult to reproduce by the porous-media model in the CFD
framework even supported by the Lacroix correlation.

A.2 Experimental pellet loading procedure
The catalyst loading method developed by Unidense loading Gmbh, Germany, was used
to load pellets in the reactor. Figure A.3 illustrates the major components and the
working principle of the Unidense loading technology. The main parts of the loading
device are a funnel and the flexible loading rope with spatially arranged brushes. The
brush consists of several spring arms with a radial extension a little smaller than the
radius of the tube, which acts as a damper by slowing down the speed of the particles
as they are poured. The selection of required stiffness, size, and the number of spring
arms are mainly based on the size and mass of the catalyst particles to be loaded.

Figure A.3: (a) Representation of the Unidense loading technology; (b) and (c) Sample
segments of Raschig ring bed and metal foam bed built with the Unidense loading device.
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As the first step, the pellets were filled in a small container and weighed. After
that, the loading rope was positioned vertically along the center of the reactor tube
and a distance of about 400 mm was maintained between the bottommost brush and
the bottom plane of the reactor tube. The catalyst pellets were slowly poured into the
reactor tube through the funnel and the loading rope was jerked a little during the filling,
simultaneously being lifted up gradually while the bed height increases. The loading was
continued to build a bed height of 2000 mm. Since the momentum of the falling pellets is
damped by the brushes, the pellets are positioned inside the tube without breakage and
are hardly interlocked with the adjacent particles. Thus, a more random arrangement of
pellets is ensured with little gradient in the vertical void fraction. A short section of the
Raschig ring and the metal foam beds built with the Unidense loading method is shown
in Figures A.3b and c, respectively.

A.3 Packed bed generation using Blender
In the synthetic bed generation, the first step is to create the geometry of the reactor
tube and the particle with triangular meshes as illustrated in Figure A.4a. Then, the
simulation of particles falling into the reactor tube was carried out by the physics engine
based on the user defined rigid body parameters – see Table 2 in the main article – in
discrete time steps. Figures A.4b–d show the intermediate stages of a bed structure
simulation, in which the particles were initialized in an array fashion with an imposed
random orientation.

Figure A.4: (a) Geometries with surface mesh; (b–d) Different stages of the packed bed
generation over simulation time.

In the end state, the bed structure is generated and can be exported as an STL file
for the use in other CAE softwares like STAR-CCM+. Figure A.5a shows a cylindrical
bed structure generated in a similar array fashion, and is used as the bed geometry for
the CFD simulation of the metal foam pellets. It should be noted that the numerical
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bed for the metal foam pellets is made of solid cylinders, as flow through the pellets is
accounted by porous media model (see Section 3.2.4.1 in the main article).

Figure A.5: (a) Synthetic bed structure with cylindrical particles; (b) Comparison of
mean bed voidage (particle porosity not considered).

As explained in Section 3.3.2 in the main article, the friction coefficient is adjusted
to achieve a mean bed voidage close to the experimental bed made of metal foam pellets.
By means of the weighing method, a mean bed voidage of 0.37 is calculated for the
experimental bed. This value denotes the inter-particle voidage upon neglecting the
particle porosity. A comparison of the mean bed voidage with the experimental value
and the prediction from two different literature correlations [2, 3]is depicted in Figure
A.5b. These correlations were developed for regular ceramic cylinders and do not account
the influence of any catalyst loading strategies, or the physical characteristics of the
metal foam pellets, even though the agreement is satisfactory.

A.4 Equations governing flow
Single phase and turbulent flow conditions were simulated by solving Reynolds-Averaged
mass and momentum equations for a 3-D domain as given below:

∂ρ

∂t
+ ∇ · (ρv̄) = 0 (A.1)

∂ρv̄
∂t
+ ∇ · (ρvv) = −∇ · p̄I + ∇ · (T + TRANS) + fb + Sp (A.2)

Here,v̄ and p̄ are mean velocity and pressure;T and TRANS are viscous and turbulent
stress tensors; fb is the body force, Sp and is the momentum source or sink term. The
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viscous stress tensor for a Newtonian fluid is given by Equation (A.3), where µ is the
dynamic viscosity of the fluid, and S is the strain tensor as in Equation (A.4) . Turbulent
stress tensor is accounted by Boussinesq approximation with the concept of turbulent
eddy viscosity µt , by Equation (A.5).

T = 2µS − 2
3µ(∇ · v)I (A.3)

S = 1
2

(
∇v + (∇v)T

)
(A.4)

TRANS = 2µS − 2
3µt (∇ · v)I (A.5)

A.5 Meshing Details
The meshing process was carried out using the commercial software STAR-CCM+.
Firstly, the geometry of the fixed-bed generated in Blender was imported to STAR-
CCM+ and with the inbuilt Boolean operation, a fluid region was created by subtracting
the packing volume from the reactor tube. For the pressure drop simulation of the
Raschig ring bed, only this fluid region was meshed, whereas for the foam pellets both
the fluid region and the pellets were meshed to create a conformal mesh. To minimize
the adverse effects of flow entry-exit, the entrance and outlet sections of the reactor
were extended for considerable length as illustrated in Figure A.6a.

Figure A.6: (a) Overview of boundary conditions; Meshing details on a cross-sectional
plane: (b) Raschig ring and (c) Metal foam.

The bulk of the flow domain was discretized using polyhedral cells and three layers
of prism cells were used at the pellet surfaces and the reactor wall. A detailed view of
the generated meshes is shown in Figures A.6b and c.
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A.6 Wall effects in low tube-to-particle diameter
reactors

In the case of low tube-to-particle diameter fixed-bed reactors, the influence of the
confined walls in the bed structure is significant, mainly by providing a higher void
fraction near the wall in comparison to the mean value. This causes flow channelling
in the near-wall region and its magnitude is dependent on the corresponding flow
Reynolds number. The conventional pressure drop equations like Ergun have been found
as insufficient to predict the pressure drop accurately in slender-tubed reactors. The
particle-resolved CFD approach, which accounts for the actual packing structure have
been proved as beneficial to tackle this challenge and is well-explained in many articles
[4, 5].

In this study, a qualitative estimation of the wall effects is carried out with the aid
of radial velocity profiles obtained from the CFD simulations. Figures A.7a and b show
the radial specific velocity averaged over bed height and azimuth for the Raschig ring
and the metal foam beds, respectively. To determine the radial velocity profile, 100
cylindrical shells are created on the bed structure, equidistant from the reactor wall to
the center core. The axial velocity on each cylindrical shell is averaged over the bed
height and normalized by the corresponding superficial velocity.

Figure A.7: Radial velocity profile (a) Raschig ring (b) Metal foam.

In slender fixed-bed reactors, the void fraction near the wall is higher than the
average value and thereby, a non-uniform velocity is observed along the radial direction.
Due to the bypass effect near the wall, the physical velocity reaches a maximum close to
the wall and minimizes at a distance of about half the particle diameter. A second peak
is observed just beyond a distance of one particle diameter from the reactor wall and
then levels out with decreasing amplitudes towards the bed center until a further rise
occurs very near to the dummy thermowell, where an additional wall effect is observed.
Upon increasing the Rep, the effect of channelling also increases and the profile of peak
velocity decreases very close towards the wall. The dependency of velocity profile on Rep
in metal foam bed is almost similar to the Raschig ring bed, however, the fluctuations
in the radial velocity profile are minimal after a radial distance of about one particle
diameter from the reactor wall, ignoring the influence of dummy thermowell. This is
attributed by the mass flow through the metal foam pellets.
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B.1 Equations governing flow
The governing equations for the mass, momentum and energy are as:

∂ρ

∂t
+ ∇ · (ρv̄) = 0 (B.1)

∂ρv̄
∂t
+ ∇ · (ρvv) = −∇ · p̄I + ∇ · (T + TRANS) + fb + Sp (B.2)

∂ρĒ
∂t
+ ∇ · (ρvv) = −∇ · p̄v̄ + ∇ · (T + TRANS)v̄ − ∇ · q̄ + fb v̄ (B.3)

Here,v̄ and p̄ are mean velocity and pressure, fb is the body force, Sp is the momentum
source or sink term, Ē is the mean total energy per unit mass, and q̄ is the mean heat
flux . The viscous stress tensor for a Newtonian fluid is given by T = 2µS − 2

3µ(∇ · v)I,
where µ is the dynamic viscosity of the fluid, and the strain tensor as S = 1

2
(
∇v + (∇v)T

)
.

Turbulent stress tensor is accounted by Boussinesq approximation based on the turbulent
eddy viscosity µt as TRANS = 2µS − 2

3µt (∇ · v)I .The mean heat flux has been formulated
based on the temperature flux model, which provides an algebraic formulation in terms of
thermal conductivity λ , and mean temperature T , as q = −λ∇T . A detailed description
on Reynold-Averaged turbulent heat transfer models can be found elsewhere [1].

The common approach to solve the transport processes in a porous medium is by
adding appropriate source terms to the governing equations. The important physical
property of a porous medium which characterizes its momentum and energy transport
is the porosity, ε = Vf ree/V , which indicates the ratio of free volume to the total volume.
The physical velocity of the fluid flowing through a porous region increases or varies
according to the porosity. As a result, the physical velocity v in a porous medium is
related to the superficial velocity as vs = εv.

This is supporting document of publication: George GR, Bockelmann M, Schmalhorst L, Beton D,
Gerstle A, Lindermeir A, Wehinger GD. Radial heat transport in a fixed-bed reactor made of metallic
foam pellets: Experiment and particle-resolved computational fluid dynamics. Int. J. Heat Mass Transf.
2022;197:123376.

157



B. Supporting Information to Chapter 4

The mass and momentum conservation equations in a porous medium based on the
physical velocity can be formulated as:

∂(ερ)
∂t
+ ∇ · (ερv) = 0 (B.4)

∂(ερ)
∂t
+ ∇ · (ερvv) = −ε∇p + ∇ · (εT) − εPvv − εPi |v|v (B.5)

where Pv and Pi are the viscous and the inertial resistance tensors, respectively.
In the context of energy transport in the porous domain, two approaches are available

– thermal non-equilibrium and equilibrium models. The thermal equilibrium assumes
that the fluid and solid phases are of same temperature, hence, considers a single energy
transport equation. In the non-equilibrium model, different sets of energy equations
are solved for the fluid and solid phases upon considering that they are in different
temperature.

The energy transport formulation according to thermal non-equilibrium is given as:

∂ε(ρE)fluid
∂t

+∇ · (ερfluid Hfluid v) = −∇ · (εqfluid )+∇ · (εT ·v)+ aα (Tfluid −Tsolid ) (B.6)

∂ ((1 − ε)χsolid ρsolid Esolid )
∂t

= −∇ · ((1 − ε)χsolid qsolid ) + aα (Tsolid −Tfluid ) (B.7)

Here, ρ is the density; E and H is the total energy and enthalpy; T is the stress tensor;
q is the heat flux; a is the interaction area density; α is the heat transfer coefficient.

The energy equations as per thermal-equilibrium are:

∂(ρE)eff
∂t

+ ∇ · (ερfluid Hfluid v) = ∇ ·
(
λe f f ∇Tfluid

)
+ ∇ · (εT · v) (B.8)

(ρE)eff = ερfluidEfluid + (1 − ε)ρsolidCp,solidTfluid (B.9)
Where, Cp,fluid and Cp,solid are specific heat capacity of the fluid and the solid, respectively.

Heat transfer experimental studies in the packed beds without chemical reactions have
reported negligible difference in steady-state state temperature between the particles and
the surrounding gaseous phase, see [2], hence, the use of equilibrium modeling approach
in the packed beds is justifiable.

The turbulence inside a porous medium is generated mainly by their own fine internal
structures. Since the inner geometries are not being modeled explicitly in porous-media
approach, the turbulence equations are not directly solved in a porous region. In the
STAR-CCM+ software, the available option to account for the turbulence effects is the
user-input values for the turbulent quantities such as turbulent intensity and turbulent
viscosity ratio. The turbulent quantities in the fluid leaving the porous medium are
evaluated bases on these inputs, see [3] for more details. In this study, the default option
of turbulent intensity = 0.01 and turbulent viscosity ratio = 10 were used. A very
good agreement between CFD simulations and experimental data (see Fig. 6 in main
document) has justified the chosen turbulent parameters to some extent. More detailed
studies like strut-level CFD simulations are necessary to gain insights on the turbulence
effects inside the foam pellets, which is not a scope of this study. A general review article
concerning turbulence modeling in porous-media has been provided by Wood et al. [4].
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B.2 Estimation of temperature profile at the bed
inlet

In the experimental reactor, a pre-calming section and a flow equalizer-like setup were
used to minimize the flow entry-effects, as well as to ensure a plug-flow like velocity
upstream the bed. The flow equalizer was realized with a short packed bed made of
spherical particles having 3.5 mm diameter, and the total bed length was 100 mm.
Indeed, this accessory equipment supports the thermal profile development before flow
enters the actual experimental bed. Hence, the temperature profile at the bed inlet
varies with respect to the radial distance from the reactor wall towards the bed center.
It is important to define the right boundary conditions in the CFD simulations for a
proper comparison with the experimental data. The developed temperature profile at
the bed inlet is estimated by the additional simplified CFD simulations, which account
for the influence of pre-calming section and the flow equalizer. The momentum and
energy loss across the short packed bed, that is, flow equalizer, was considered by the
porous-media approach, where the inertial and viscous resistances were defined as per
Ergun equation [5][5], Equation (B.10), with a mean porosity of 0.40.

∇p
L
= A

(1 − ε)2µ
ε3d2

p

vs + B
(1 − ε)ρ
ε3dp

v2
s (B.10)

The thermal conductivity, specific heat and density of the spherical particles were
1.5 Wm−1K−1, 900 Jkg−1K−1 and 2600 kgm−3, respectively. As depicted in Figure B.1,
velocity inlet, pressure outlet, and a varying wall temperature were the assigned boundary
conditions. The simulations were carried out at different operating conditions according
to the experiment trials. The radial temperature profile at a cross-sectional plane 100
mm downstream the flow equalizer was extracted, to be used as the inlet temperature
profile in the main CFD simulations (see Figure 4.3 in main document).

Figure B.1: Simulation setup to estimate the temperature profile at bed inlet

Figure B.2 shows the radial temperature profile simulated for the operating condition
– G ≈ 2.79 kgm−2s−1 and inlet temperature ≈ 200 °C. The temperature at the tube-center
(r = 0) is compared with the data recorded by the thermocouple, Tg,3 (see Figure 4.1A
in the main document), and at the wall location (r = R) by the coolant temperature.
The same procedure was repeated for all the experimental trials to estimate the inlet
radial temperature profile for the use in main CFD simulations.
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Figure B.2: Radial temperature profile at 100 mm downstream the flow equalizer

B.3 Steady-state temperature measurements
The temperature data along the bed centerline as well as coolant temperature were
recorded until reached the steady-state. The time required to attain a nearly steady-state
is dependent on the operating conditions – mass flow rate and inlet temperature. Figure
B.3 shows the evolution of temperature at different axial locations, recorded by the
thermocouples – Tд1 to Tд16 (see Figure 4.1A main document) for different operating
conditions. It can be seen that the rime needed for an invariant temperature profile is
not the same for all the axial positions, as well as the operating conditions. It takes
about 3 hours for G ≈ 1.39 kgm−2s−1 and inlet temperature of 200°C, while a faster
steady-state condition is observed for higher G ≈ 4.18 kgm−2s−1 and inlet temperature
of 100°C. Therefore, the temperature evolutions at the axial locations were carefully
observed for different experiment trials, to ensure the steady-state condition.

B.4 Heat transport parameters
The bed length effect could adversely affect the proper estimation of heat transport
parameters. For instance, in an empty pipe flow with heat transfer from the wall to the
flowing fluid, or vice versa, the wall heat transfer coefficient holds a very high value at
the entry region, afterwards, it gradually decreases and converges to an asymptotic value
in accordance with the development of thermal boundary layer [6]. Similarly for a packed
bed, a certain bed length from the inlet is subjected to the development of temperature
profile [7]. For the design of reactors in an industrial-scale, representative parameters
unaffected by the local influences are required. Figure B.4A denotes the dimensionless
radial temperature at different axial locations, 5 ≤ z/dp ≥ 40 in the Raschig ring bed.
The wall heat transfer coefficient is derived by fitting the 2-D pseudo-homogeneous model
[8] (see Section 4.2.3 in main document) according to the radial temperature profiles and
is shown in Figure B.4B. It can be seen that the variation in relative wall heat transfer
coefficient is < 4% after a bed length of 20 times the particle diameter. This reveals
that the transport parameters are devoid of bed length effects for the packing depths,
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B.4 Heat transport parameters

Figure B.3: Transient axial temperature distribution: (A) G ≈ 1.39 kgm−2s−1, Tinlet = 200
°C; (B) GG ≈ 4.18 kgm−2s−1, Tinlet = 100 °C.

z/dp ≥ 20. The presence of thermowell might be a reason for an increased extension in
the bed entry effect than expected. The heat transport coefficients presented in Sec.
4.3.4 in the main document are corresponding to z/dp ≈ 40. Thus, it has been confirmed
that the estimated heat transport values bear an asymptotic nature.
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Figure B.4: (A) Radial temperature profile at different axial locations fitted with 2-
D model for Rep ≈ 1456; (B) Ratio of wall heat transfer coefficient to fluid thermal
conductivity with respect to bed length.

B.5 Grid independency study
The dependency of solution variables on the mesh resolution was verified upon different
grid refinement levels. Table B.1 listed the specific pressure drop and overall heat transfer
coefficient for the cylindrical metal foam bed, Rep ∼ 2625, observed for different grid
levels – G1 (rough) to G4 (very fine). The difference in pressure drop and overall heat
transfer coefficient between the grids G1 and G4 is about 7.4% and 1.4%, respectively
while the difference in the monitored quantities between the grid levels G3 and G4 drops
to < 1%, which indicates sufficient grid independency. Considering the complexity of
the packed bed geometry as well as the associated flow field, the grid level G4 with 26.5
million cells has been chosen for all the simulations. The quality of thin gas phase cells
between the particles is important for the better convergence of solution variables [9].
However, this is not significant in the case of a foam packed bed compared with solid
particles, since there is no sharp boundary layer around the foam particles due to the
intra-particle flow. The previous works [10, 11] in the PRCFD framework have discussed
the appropriate mesh settings and local refinement parameters for a good quality mesh
generation, the same guidelines are also followed in this study.

Table B.1: Grid Independency study – specific pressure drop (∆P/L) and overall heat
transfer coefficient (U ) at Rep ∼ 2625.
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B.6 Applicability of the derived heat transfer cor-
relations in varying gas properties

The applicability of the derived heat transfer correlations (Sect. 4.3.4) in varying gas
properties and gas type has been verified. The following cases are investigated:

1. Methane is used as feed gas with an inlet temperature of ∼ 443 K and operating
pressure 1 bar. Under wall-cooled condition, the density varies in the fluid domain
between 0.492 and 0.695 kgm−3 and dynamic viscosity in the range of (1.15 · 10−5 −
−1.56 · 10−5) Pa s.

2. Operating pressure raised to 10 bar, which yields density variation of about
4.35–6.42 kgm−3.

Figure B.5: (A, C) Wall-fluid Nusselt number at operating pressure 1 bar and 10 bar,
respectively; (B, D) Overall-heat transfer coefficient at operating pressure 1 bar and 10
bar, respectively.

Figure B.5 shows the comparison of wall-fluid Nusselt number and overall heat
transfer coefficient between simulation and the correlation predicted. To calculate the
particle Reynolds number, an average value of density and dynamic viscosity is used.
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For both cases (CH4 at 1 bar and 10 bar), the agreement is found to be good, maximum
deviation is < 7%. This indicates that the correlations provide sufficient applicability
for different gas properties. In a future work, the same correlations will be verified for
higher temperature and higher Rep > 3500, with experimental data for validation.

B.7 Performance Index
The performance index is evaluated as:

PI = Σ
NObj
i=1 WiSi

Obji
Normi

where: NObj is the number of objectives, Wi is the weight assigned to i-th objective, Si is
the sign for the i-th objective with a value of -1 for minimizing and +1 for maximizing,
Obji is the response value for the i-th objective, Normi is the normalization parameter.
Here, the objectives are minimum pressure drop, maximum heat transfer coefficient and
high specific surface area of the particle.Table B.2 and B.3 tabulate the corresponding
values of ceramic Raschig ring and metal foam, respectively. Norm ·∆P/L, Norm ·U , and
Norm ·Sp are pressure drop, heat transfer coefficient and specific surface area normalized
by the equivalent quantities of a ceramic spherical particle of same particle diameter,
dp = 10 mm.

Table B.2: Performance index calculation for ceramic Raschig ring.

Table B.3: Performance index calculation for metal foam pellets.
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Table C.1: Successful Design sets.

Design Cell size [mm] Porosity f ∗ U ∗ PR
1 1.2 0.9 0.55 62.98 125.411
2 2.75 0.95 0.334 50.916 101.499
3 0.71 0.9 0.71 71.261 141.812
4 1.73 0.65 0.662 68.289 135.916
5 1.98 0.85 0.455 57.64 114.825
6 1.47 0.95 0.478 59.212 117.946
7 3 0.8 0.395 53.934 107.473
8 1.22 0.75 0.668 68.943 137.217
9 0.96 0.55 0.952 82.523 164.093
10 2.49 0.75 0.476 58.451 116.427
11 2.49 0.9 0.37 52.923 105.476
12 0.45 0.85 0.91 81.035 161.161
13 0.96 0.95 0.596 65.472 130.349
14 2.24 0.65 0.592 64.43 128.268
15 0.96 0.9 0.614 66.352 132.09
16 2.75 0.75 0.453 57.101 113.749
17 0.96 0.6 0.892 79.938 158.984
18 2.49 0.85 0.401 54.551 108.701
19 0.96 0.65 0.837 77.374 153.911
20 0.96 0.85 0.652 68.222 135.793
21 2.24 0.75 0.503 59.95 119.398
22 1.22 0.6 0.815 76.196 151.577
23 0.71 0.75 0.841 77.659 154.478
24 1.73 0.75 0.57 63.648 126.725

Continued on next page

This is supporting document of publication: George GR, Bockelmann M, Schmalhorst L, Beton
D, Gerstle A, Lindermeir A, Wehinger GD. Influence of Foam Morphology on Flow and Heat
Transport in a Random Packed Bed with Metallic Foam Pellets-An Investigation Using CFD. Materials.
2022;15(11):3754.
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Table C.1 – continued from previous page
Design Cell size [mm] Porosity f ∗ U ∗ PR
25 0.45 0.95 0.851 78.207 155.563
26 1.73 0.95 0.438 56.997 113.557
27 0.96 0.75 0.739 72.65 144.56
28 1.47 0.6 0.759 73.239 145.719
29 1.22 0.95 0.528 61.94 123.352
30 1.22 0.9 0.546 62.796 125.046
31 2.24 0.85 0.426 55.992 111.559
32 1.47 0.65 0.708 70.734 140.761
33 2.75 0.85 0.379 53.27 106.161
34 2.75 0.9 0.349 51.672 102.994
35 0.45 0.8 0.961 83.312 165.664
36 1.47 0.85 0.53 61.826 123.121
37 1.47 0.75 0.614 66.031 131.448
38 1.22 0.65 0.763 73.667 146.571
39 0.45 0.9 0.868 79.022 157.176
40 2.24 0.95 0.378 53.545 106.712
41 1.98 0.75 0.534 61.66 122.786
42 1.73 0.9 0.455 57.822 115.19
43 0.71 0.85 0.749 73.21 145.672
44 0.71 0.95 0.693 70.384 140.076
45 2.24 0.9 0.394 54.334 108.274
46 1.73 0.8 0.528 61.527 122.526
47 1.98 0.8 0.493 59.584 118.675
48 0.71 0.65 0.946 82.473 163.999
49 2.49 0.7 0.518 60.585 120.651
50 2.24 0.8 0.463 57.904 115.345
51 0.71 0.8 0.793 75.37 149.946
52 0.96 0.8 0.694 70.389 140.083
53 2.24 0.7 0.546 62.118 123.691
54 1.47 0.7 0.659 68.321 135.983
55 1.98 0.9 0.422 55.944 111.466
56 3 0.85 0.36 52.118 103.876
57 1.47 0.9 0.495 60.061 119.626
58 0.96 0.7 0.787 74.97 149.154
59 3 0.75 0.432 55.895 111.358
60 1.22 0.55 0.872 78.927 156.982
61 1.98 0.7 0.577 63.907 127.237
62 3 0.95 0.316 49.803 99.2887
63 1.22 0.7 0.715 71.21 141.706
64 1.73 0.7 0.615 65.915 131.214
65 0.71 0.7 0.891 80.017 159.143
66 3 0.9 0.331 50.547 100.763
67 1.22 0.8 0.624 66.723 132.822
68 1.73 0.85 0.489 59.553 118.616
69 2.75 0.65 0.54 61.407 122.275
70 1.98 0.95 0.405 55.136 109.867
71 2.75 0.7 0.494 59.219 117.944

Continued on next page
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Table C.1 – continued from previous page
Design Cell size [mm] Porosity f ∗ U ∗ PR
72 2.75 0.8 0.415 55.11 109.806
73 3 0.7 0.473 57.987 115.501
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D.1 Radial void fraction profiles
In slender packed beds, the influence of the reactor wall on the bed structure is high,
resulting in a variable radial void fraction, which in turn causes varying local radial
velocities [1, 2]. A typical radial void profile is composed of a high voidage adjacent to
the wall surface and then proceeds with several maxima-minima towards the bed center.
The particle shape and the tube-to-particle diameter are the important parameters
affecting the distribution of such radial void fractions. Figure D.1 shows the axially and
the azimuthally averaged radial void fraction for the investigated pellet shapes. These
are line plot representations of the scalar plots of radial void fraction shown in Figs.
6.3B, 6.5B, and 6.7B of the main document (see Sections 6.3.1, 6.3.2, and 6.3.3 for more
details).

D.2 Performance assessment at Rep ≈ 500
The transport characteristics of packed beds with foam pellets are strongly dependent
on flow rates. At higher flow rates, foam pellets are exposed to significant intra-particle
flow, thereby providing much reduction in pressure drop compared with solid pellets.
On the other hand, flow through the foam pellets weakens the interstitial flow velocities,
which in-turn affect the lateral fluid mixing around pellets. Since the lateral fluid mixing
is primarily responsible for the convective mode of heat transfer, foam pellets exhibits
poor thermal performance at higher flow rates, whereas the radial heat transfer behavior
of foam pellets are comparable to solid pellets at low flow rates. Therefore, packed beds
with foam pellets may suit well for the applications involving low-to-medium flow rates,
e.g., n-butane oxidation to maleic anhydride [3]. Herein, the overall performance of foam
packed bed is analyzed for Rep ≈ 500. The methodology for the performance assessment

This is supporting document of publication: George GR, Bockelmann M, Schmalhorst L, Beton
D, Gerstle A, Lindermeir A, Wehinger GD. Optimization of metal foam pellet shape in packed beds
for improved radial heat transfer using particle-resolved computational fluid dynamics. Chem. Eng.
Process.: Process Intensif. 2023;188:109357.
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Figure D.1: Axially and azimuthally averaged radial void fraction – (A) Raschig ring,
Cylinder, 1-hole Cylinder, multi-hole Cylinder; (B) Cylinder with Aspect ratio (AR) =
1.2, 2.0, 2,5; (C) Hollow rings with AR = 1.0, 2.0, 2.5.

is the same as mentioned in Section 6.3.5 of the main document for Rep ≈ 2000. Table
D.1 provides the calculated bed properties for each pellet configuration, and transport
coefficients for Rep ≈ 500.

Figure D.2 shows relative performance index PIrel, calculated as per Equations (6.14),
(6.15) in chapter 6. Considering equal importance factors (i.e., w1 = w2 = w3 = w4 = 1),
all the investigated foam pellet configurations show better overall performance than the
benchmark ceramic ring, as foam pellets provide lower pressure drop and higher surface
area (see Table D.1). Upon investigating the overall performance with higher importance
factor to heat transfer coefficient i.e., w2 = 2, the PIrel of foam pellets decreases, but
still behaves better than or at least same as that of ceramic Raschig ring. This is not
observed at Rep ≈ 2000, where cylindrical shapes with low aspect ratio including 1-hole
and multi-hole cylinder yield lower performance, see Figure 6.9 in main document. The
contribution of conduction in overall heat transfer mechanism is dominant at lower flow
rates, and hence the thermal performance of foam pellets is not very low than that of
solid pellets at Rep ≈ 500. The difference in U ∗ between the solid and foam pellets is
very high at Rep ≈ 2000 (see U ∗ in Table D.1, and Table 6.2 in chapter 6). Assigning
higher importance factors to heat transport coefficient as well as catalyst inventory, i.e.,
w2 = w4 = 2, PIrel value of most of the investigated shapes are lower than the threshold
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value, except cylinders with high AR and Ring shapes. This is due to the lower catalyst
inventory of foam pellets (see Table D.1).

Table D.1: Transport quantities. The pellet dimensions and foam properties are provided
in Table 6.1.

Figure D.2: Relative performance index as per Equation (6.15) for different pellet
configurations ( w1, w2, w3, and w4 are the importance factors assigned for pressure
drop, heat transfer coefficient, catalyst surface area, and catalyst inventory, respectively.
Threshold indicates PIrel = 1. Pellet symbols are explained in Table 6.2 and corresponding
foam properties in Table 6.1 of chapter 6.

173



REFERENCES

References
[1] R. Caulkin, X. Jia, C. Xu, M. Fairweather, R. A. Williams, H. Stitt, M. Nijemeisland,

S. Aferka, M. Crine, A. Léonard, D. Toye, and P. Marchot, “Simulations of structures
in packed columns and validation by x-ray tomography,” Industrial & Engineering
Chemistry Research, vol. 48, no. 1, pp. 202–213, 2009.

[2] A. G. Dixon, “Correlations for wall and particle shape effects on fixed bed bulk
voidage,” The Canadian Journal of Chemical Engineering, vol. 66, no. 5, pp. 705–708,
1988.

[3] M. Müller, M. Kutscherauer, S. Böcklein, G. Mestl, and T. Turek, “On the importance
of by-products in the kinetics of n-butane oxidation to maleic anhydride,” Chemical
Engineering Journal, vol. 401, p. 126016, 2020.

174



Publications and Conference
contributions

The following research articles have been published in peer-reviewed scientific journals.

1. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Torkuhl L,
Lindermeir A, Wehinger GD. Workflow for computational fluid dynamics modeling
of fixed-bed reactors packed with metal foam pellets: Hydrodynamics. AIChE J.
2023;69(1):e17284. DOI: 10.1002/aic.17284

2. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Radial heat transport in a fixed-bed reactor made of metallic foam
pellets: Experiment and particle-resolved computational fluid dynamics. Int. J.
Heat Mass Transf. 2022;197:123376. DOI: 10.1016/j.ijheatmasstransfer.2022.123376

3. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Influence of Foam Morphology on Flow and Heat Transport in a
Random Packed Bed with Metallic Foam Pellets—An Investigation Using CFD.
Materials. 2022;15(11):3754. DOI: 10.3390/ma15113754

4. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Optimization of metal foam pellet shape in packed beds for improved
radial heat transfer using particle-resolved computational fluid dynamics. Chem.
Eng. Process.: Process Intensif. 2023;188:109357. DOI: 10.1016/j.cep.2023.109357

Within this PhD thesis, the following contributions have been presented at various
national and international conferences (the first author is the presenter).
Oral presentations:

1. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Modeling and simulation of fixed-bed reactors made of open-cell
metallic foam pellets. AIChE annual meeting, 2021, virtual.

2. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. A Detailed CFD Workflow for the Optimization of Metal-foam
Pellets. ISCRE 26, 2021, virtual.

3. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Optimal Design of Metal Foam Catalyst Carriers by Detailed CFD.
Int. Cong. of Chem. and Process Eng. 25 & CHISA, 2021, virtual.

4. George GR, Wehinger GD, Kolaczkowski ST, Schmalhorst L, Beton D, Torkuhl L.
Fixed-bed reactors from metal-foam pellets: experiments and CFD models. ECCE
12, 2019, Florence, Italy.

175



REFERENCES

5. George GR, Flaischlen S, Wehinger GD. Modeling of random packed fixed-beds
for detailed CFD simulation. ICCHMT 12, 2019, Rome, Italy.

Poster presentations:

1. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Lindermeir A,
Wehinger GD. Transport processes in a fixed-bed reactor with metallic foam-pellets:
Insights from experiments and particle-resolved CFD. Annual meeting on reaction
Eng., 2022, Würzburg, Germany.

2. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Torkuhl L,
Lindermeir A, Wehinger GD. Heat transfer performance of Fixed-bed reactors
made of open-cell metallic foam pellets. ECCE 13, 2021, virtual.

3. George GR, Bockelmann M, Schmalhorst L, Beton D, Gerstle A, Torkuhl L,
Lindermeir A, Wehinger GD. Comparative assessment of fluid flow in a fixed-
bed reactor - Ceramic Raschig Rings vs. Metal Foam Pellets. Jahrestreffen der
ProcessNet-Fachgruppen CFD, 2020, Bamberg, Germany.

176


	Acknowledgements
	Abstract
	Kurzfassung
	Table of Contents
	1 General Introduction
	1.1 Multitubular fixed-bed reactors
	1.2 Pelletized open-cell metal foams
	1.3 Scope of the thesis
	References

	2 Publication Overview
	3 Workflow for Computational Fluid Dynamics modeling of fixed-bed reactors packed with metal foam pellets: Hydrodynamics
	3.1 Introduction
	3.2 Materials and methods
	3.2.1 Pellet Characteristics
	3.2.2 Experimental setup
	3.2.3 Synthetic bed generation
	3.2.4 CFD
	3.2.4.1 Modeling flow-through foam pellets
	3.2.4.2 Meshing and solution methodology


	3.3 Results and discussion
	3.3.1 Experimental pressure drop
	3.3.2 Validation of synthetic fixed bed structures
	3.3.3 Validation of the CFD model
	3.3.4 CFD flow field analysis

	3.4 Conclusion
	References

	4 Radial heat transport in a fixed-bed reactor made of metallic foam pellets: Experiment and Particle-resolved Computational Fluid Dynamics
	4.1 Introduction
	4.2 Material and methods
	4.2.1 Experimental setup and test procedures
	4.2.2 Particle-resolved CFD (PRCFD) simulation
	4.2.2.1 Modeling random packing structure
	4.2.2.2 Modeling momentum and energy transports
	4.2.2.3 CFD simulation setup

	4.2.3 Heat transfer in packed beds – Theoretical background

	4.3 Results and Discussion
	4.3.1 Axial temperature and pressure drop measurements
	4.3.2 Validation of PRCFD
	4.3.3 Analysis of local flow and temperature fields by PRCFD
	4.3.4 Heat transport parameters

	4.4 Conclusion
	References

	5 Influence of foam morphology on flow and heat transport in a random packed bed with metallic foam pellets—An investigation using CFD
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Study configuration
	5.2.2 Particle-resolved CFD
	5.2.2.1 Packed bed geometry
	5.2.2.2 Model equations
	5.2.2.3 Computational domain, Boundary conditions and solving


	5.3 Results and Discussion
	5.3.1 Validation with Experimental Data
	5.3.2 Effect of Cell Size
	5.3.3 Effect of Porosity
	5.3.4 Effect of Conductivity
	5.3.5 Design study
	5.3.6 Correlations for friction factor and heat transfer coefficient

	5.4 Conclusions
	References

	6 Optimization of metal foam pellet shape in packed beds for improved radial heat transfer using particle-resolved Computational Fluid Dynamics
	6.1 Introduction
	6.2 Material and methods
	6.2.1 Designed pellet shapes
	6.2.2 Particle-resolved CFD (PRCFD)
	6.2.2.1 Bed geometry
	6.2.2.2 Modeling equations
	6.2.2.3 Simulation setup

	6.2.3 Evaluating reactor performance

	6.3 Results and Discussion
	6.3.1 Influence of internal holes and exterior shaping
	6.3.2 Effect of particle aspect ratio
	6.3.3 Rings with reduced foam properties
	6.3.4 Verification with experiment
	6.3.5 Performance assessment

	6.4 Conclusion
	References

	7 A simplified CFD approach for modeling mass transport in open-cell foam pellets
	7.1 Introduction
	7.2 Material and methods
	7.2.1 Modeling mass transport
	7.2.1.1 External and internal mass transport limitations
	7.2.1.2 Apparent reaction rate

	7.2.2 Illustrative example

	7.3 Results and Discussion
	7.3.1 Comparison of experiment and simulation
	7.3.2 Effect of washcoat shapes
	7.3.3 Effect of washcoat thickness
	7.3.4 Effect of washcoat tortuosity, porosity, and pore diameter

	7.4 Conclusion
	References

	8 Summary and Outlook
	8.1 Summary
	8.2 Outlook

	Appendix A Supporting Information to Chapter 3
	A.1 Pressure drop experiments in single metallic foam particle
	A.2 Experimental pellet loading procedure
	A.3 Packed bed generation using Blender
	A.4 Equations governing flow
	A.5 Meshing Details
	A.6 Wall effects in low tube-to-particle diameter reactors
	References

	Appendix B Supporting Information to Chapter 4
	B.1 Equations governing flow
	B.2 Estimation of temperature profile at the bed inlet
	B.3 Steady-state temperature measurements
	B.4 Heat transport parameters
	B.5 Grid independency study
	B.6 Applicability of the derived heat transfer correlations in varying gas properties
	B.7 Performance Index
	References

	Appendix C Supporting Information to Chapter 5
	Appendix D Supporting Information to Chapter 6
	D.1 Radial void fraction profiles
	D.2 Performance assessment at Rep≈500
	References

	Publications and Conference contributions

